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FOREWORD

This report was prepared by Terence Dixon, Damage Mechanisms Group of

The Boeing Aerospace Company, Seattle, Washington. The author wishes to

thank Doctor J. Romero, who formulated the basic mathematical model. The

work reported herein was carried out under contract number F33615-72-C-1597,

Project 3048, "Fuels, Lubrication and Fire Protection," Task 304807, "Aero-

space Vehicle Fire Protection," work unit 30480745, "Gross Voided Flame

Arresters for Fuel Tank Explosion Protection" and was administered by the

Fire Protection Branch, Air Force Aero Propulsion Laboratory, Air Force

Systems Command, Wright-Patterson Air Force Base, Ohio with A. J. Ferrenberg

(AFAPL/SFH) as Project Engineer.

This report describes the results of work conducted during the period

May 1, 1972 to October 30, 1973.

This technical report has been reviewed and is approved.

Benito P. Botteri
Chief, Fire Protection Branch
Fuels and Lubrication Division
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.4 ABSTRACT

{ In this research test program, new ma'arials were investigated for use

as flame arresters within gross voided aircraft fuel tankages. The program

was developed to reduce the present weight penalties associated with fully

"packed (102 to 15% voided) fuel tanks, using reticulated polyurethane foam.

- .Previous work demonstrated a low-density, 25-pore-per-inch (PPI) foam explo-

.. sion suppression system with 80% to 90% voiding when the source was spark

ignition. The ignition sources varied throughout the total program and

included a spark,incendiary igniter (developed by AFAPL/SFH) and .50 caliber

API gunfire.

( An industry search resulted in 40 materials being selected for initial

screening tests within a flame tube apparatus. Each material was rated for

flame arresting characteristics and air flow pressure drop. As a result of

these tests, nine materials and combinations of these materials were further

tested in an 18.0-inch-diameter, variable geometry test apparatus that allowed

the incendiary igniter to be used for ignition. Data plots were obtained from

( both these modes of test that related thickness of material required for burn-

through versus flame speed (spark ignition) and initial pressure (spark and

incendiary ignition). Resulting from these tests, five materials and combi-

nations of materials were selected for full-scale tests within a simulated

fuselage, small wing and large wing tankage in various void configurations.

C. This program has concluded that fuel tank voiding up to and exceeding

80% is attainable within certain tankage configurations and with specific

r arrester materials. The ignition source has been shown to be an important

consideration.
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SECTION I

INTRODUCTION

Vulnerability of the ullage in an aircraft fuel tank relates directly to the

flamability of the vapor present when an ignition source is introduced.

( Flammability is the process of fuel combustion requiring fuel to be vaporized,

then mixed with oxygen, followed by reaction that is activited by an ignition

( source. Whether the reaction will propagate depends on s-hether the vapor

composition at the time and place of ignition is withi.a the flammability

( limits.

This hazard potential is greatly increased by reduction of the lean limit

( caused by dynamic aircraft responses and tank penetration by incendiary

munitions that locally heat the fuel vapor.

The Air Force has successfully implemented a 10-pores-per-inch (ppi) orange

( polyurethane foam material in the fuel tanks of a number of combat aircraft

for protection against internal fire and explosion resulting from ground

(fire or other stray ignition sources. The success of the concept to date

has been demonstrated by more than three years of continuous use in both

"lead the fleet" systems and combat aircraft.

Present technology installations with 10-ppi foam Inerted systems have been

( limited to only fully packed (85% to 90% foam) applications, with associated

penalties to the system. The penalty to the fuel system includes about 2.5%

(displacement and 1.0% to 1.5% fuel retention. There is al.o a weight penalty:

the dry weight of the foam is 1.86 lb/ft 3 or 0.24 lb/gal. When the 2.5% fuel

( displacement is accounted for, the overall weight penalty to a full tank is

about 0.06 to 0.08 lb/gal of tankage, based on JP-4 (Reference 1).

The reduction of foam volume and associated weight penalty reduction by either

coring the foam or by gross voiding techniques is now being seriously consid-

( ered for retrofit on existing aircraft and for application to future aircraft.

Lower-density material is also being considered.

(



Voiding is a feasible approach to possible weight and volume reductions of the "

present foam inerting system; however, tests to date have been limited in most

cases to small-scale configurations with only selected concepts. The use of )
voiding in tanks where tank operating pressures are above atmospheric will

require greater foam thickness, which may be a limiting factor in some

concepts. )

Previous work by MCAIR, in cooperation with Scott Paper Co., demonstrated a

low-density reticulated polyurethane foam explosion suppression system with

80% to 90% voiding with a spark ignition source (contract P33615-71-C-1191).

Gross voiding techniques appear to be better suited for use with 20- to 251rpt

foams and provide a better potential for voiding up to 50%, and possibly even

the 80% levels (Reference 1).

Basically, the concept is one of structural or foam isolation. Within air-

craft wing tanks, for instance, where the structure offers natural compart-

mentization with intercommunicating openings between cells, foam is used to

isolate each cell so as to allow pressure communication and at the same time

arrest the propagating flame front. Pressure generated within the combustion

cell is relieved through the foam, and the burnt and unburnt gases are expanded

within the total tankage, resulting in a greatly reduced maximum overpressure.

The basic drawback is that these concepts require special hardware for compart-

menting the tank unless it has been compartmented in its original design; also,

special techniques are required for attaching the arrester to the tank interior.

The use of uncomplicated gross voiding appears to be the most promising tech-

nique utilizing currently used arresting materials for reducing weight.

in fuselage tanks, ýhe voiding technique presently being considered is coring;

this reduces the material required by approximately 40%, uses the foam for

its own support, and requires no internal bracings except, of course, to

protect functional fuel system components. However, this technique has

certain inherent limitations associated with installations and fabrication,

particularly as voiding percentage increases.
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"• -Installation techniques need to be developed that do not degrade ase of

access to the fuel cells or performance of the total fuel system. Aircraft

down-time increased as a consequence of fully packed foam installations.

Entrance to the fuel tank is severely hindered. Intelligence and experience

are also required in the disassembly and reassembly of the !oam "Jig-saw

puzzle." Maintenance is further complicated by the need for a completec l system functional check on final closing of the tanks.

This program was initiated to develop advanced flame arrester concepts that

. optimize the arresting material and voiding concepts to improve the protection

• of aircraft fuel tanks with respect to explosions induced by small arms fire.

( It has been noted that flames of relatively low speed can propagate through

the 10-ppi polyurethane foam in thicknesses greater than 12 inches, while

( higher-velocity flames are stopped by considerably less of the same material

(Reference 2). Also, there is some evidence to indicate that slowly moving

F flame fronts and pressure waves may, in some cases, cause sufficieur mixing

of gases within the tank to allow unburnt combustible gases to be pushed from

the foam and thus add to the combustion. Flame speeds and the mixing process

are effected by the type of ignition source utilized and tank configuration.

Most previous research performed in this area has utilized a spark or arc

discharge ignition source. It has been shown that for certain voiding con-

cepts, particularly the "compartmenting" technique, the ability of the voided

F flame arrester ý;ystem to protect the fuel tank from excessive overpressures

is greatly affected by the type of ignition source. In order to more closely

simulate the type of ignition for which the Air Force currently has the

greatest concern, the Aero Propulsion Laboratory (Fire Protection Branch)

( has developed and tested an ignition source which more nearly simulates

- 3unfire than spark or arc ignition (reference 3). This ignition source has

been used in this program with proof testing of each configuration with .50

caliber API gunfire.
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SECTION II

SUQIYAR

for convenience, the program was divided into three tasks:

TASK I

This effort was directed at defining and optimizing a second generation flame

arrester material. This task was directed at separating the fundamental phys-

ical parameters affecting the arrester performance from the influences of tank

configuration and geometry that affect flame properties.

At program inception, concern was felt for the type of tests that each material

would be subjected to. We required that the screening tests would adequately

subject the materials to all conditions expected during flame suppression

within an aircraft tank. To achieve this required segregation of test parameters,

Task I was further subdivided into two modes as follows:

Mode I-These screening tests evaluated the ability of a material to resist

burn-through. The major phases in these tests were:

Mode IA

* Industry search for suitable materials

0 4.0-inch-flame tube tests

Mode IB

0 Variable geometry tests

Node Il-These screening tests evaluated the ability of arresters to minimize

the peak pressure attained in a 402 voided fuselage test tankage. The major

phases in this mode were:

* Peak pressure tests with various concepts within a 100-gallon

fuselage tank

* Material property determination

* Mathematical model development

Preceding page blank 5



TASK 11 7
Task II was directed at evaluating and optimizing voiding techniques using 7)
25-ppi reticulated polyurethane foam. Separate voiding concepts were proposed

and tested for simulated fuselage tanks, small wing tanks, and large wing )
tanks.

TASK III )

The objective of this portion of the progrom was to combine the technology

developed in Tasks I and II and to test and evaluate advanced flame arrester

voiding concepts combined with the optimized materials.

MODE IA

Industry Search for Suitable Materials-A letter *,a. briefly described the

intent of the program was forwarded to 48 companies thut were believed capable

of supplying possible candidate materials. We obtained replies to this corres-

pondence from approximately 802 of those contacted.

4-Inch-Plame Tube Tests-These tests qualitatively rated each arrester material

against the others, in a 4.0-inch-flame tube configuration. This configuration

was so designed that the observed flame speed could be controlled from 50.0

to 1,000 inches per second within an environment approaching constant pressure.

The flame speed was controlled by varying orifices at the combustion and

relief end of the tube, and in part, of course, by the pressure drop through

the arrester material itself. This apparatus, it was thought, while adequately

screening each material, would indicate at an early date in the program the

dependence of materials on the speed at which the flame is attempting to

propagate through the arrester. This velocity has been shown to be an impor-

tanL part of the mechanism by which a flame front is extinguished. Some

arresters performed well at low flame speeds while allowing higher flame

speeds to propagate through, and others arrested fast-moving flame fronts

and allowed slow-moving flames to pass through. As an extension to these

early screening tests, the pressure drop through each material using

shop air at room temperature was determined. These data allowed a comparison

and rating of each material with the others to be represented as a velocity
6 )
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head loss, i.e., a "K" factor. The pressure drop obtained for each material

was considered an important parameter in determining a good arrester material,

if the material was to be utilized in the continuing program. The success

criterion was the ability of the material to suppress fast-moving and/or

slow-moving flame fronts with minimum pressure drop or low K factors. This

would allow immediate pressure communication to the relief volume and would not

result in excessive pressure rise in the combustion volume. This combination,

it was thought, would result in an arrester material capable of being used in

aircraft fuel tanks.

MODE IB

Variable Geometry Tests-The 4-inch-flame tube configuration did not adequately

describe the conditions in an aircraft fuel tank during an explosion or fire

created by an incendiary projectile. Consequently, the materials chosen as

a result of Mode IA tests underwent further exhaustive tests in a variable

geometry configuration that allowed a condition more representative of those

occurring during an incendiary activated fire. This apparatus, which more

realistically approached that of an aircraft installation, consisted of an

18-inch-diameter combustion chamber that allowed the gases created during the

combustion process to relieve through the arrester and orifice into a relief

volume. Both the relief volume and orifice size were capable of being varied.

The criteria for success in this apparatus were twofold:

* Adequate pressure communication between the two chambers so as

not to allow too high a pressure to occur within the combustion chamber.

0 Adequate suppression of the flame front.

The ignition source for this phase of Mode 1 was the AFAPL/SFH incendiary

igniter, which used IM-11 incendiary powder. This igniter represented more

closely the type of ignition that occurs from an incendiary bullet. Tests

were conducted on some materials using spark ignition.

During tests in the 4-inch-flame tube, flame speed was the only recorded

parameter. Tests within the variable geometry allowed records of pressure
within each of the two chambers to be recorded on a transient basis and dis-

7



played on an appropriate trace recorder. A viewing port in the relief I)
volume used for high-speed movies allowed visual evidence that a flame occurred

on the other side of the arrester. This of course was apparent on the pressure )
traces as a secondary pressure rise. )
The test data obtained during these tests showed that expanding gas velocity

or the velocity of the flame front attempting to pass through the arrester )
as well as combustion volume are important considerations. This can be

shown by the fact that 25-ppi foam required a 4-inch thickness to arrest an

expiosion at an initial pressure of 2-psi. Stainless steel screens alone

would nut arrest a flame front. However, a combination of both at a 2-psi

initial pressure required only 1 to 2 inches of foam and two screens on

either side to arrest a flame front in an identical situation. This was

attributed to the fact that the flame front initially attempting to propa-

gate through the foam is at a high gas velocity and the foam arrests this

fast-moving flame.

However, at a certain moment the increasing relief volume pressure and the

decaying combustion volume pressure equalize. If this ocr.urs while there

is still a fire, the slow-moving flame, capable of propagating through

and burning the foam, is now arrested by the Lcreens. Early tests during

Mode IA showed that indeed slow flames were not allowvd to propagate through

certain thicknesses of screens. Consequently, the screens attached to the

front and rear faces of the foam become the arresting material, which finally

extinguishes the flame front.

During a large portion of the tests, especially with the GAF and 3M materials,

large holes in the arrester materials were frequently found; however, no

resulting relief volume ignition occurred. This was thought unusual and was

attributed to the inerting effects of the products of combustion, and the

expanding hot gases not retaining enough energy after burning and melting

through the material to initiate a reaction.

The sensitivity of arrester thickness required for arrest with respect to initial

over-pressures is high when small combustion volumes are used. At 0 psig,2

to 3 inches of 25 (PPI) polyurethane foam are required. At I psig, 10 to 12 )
8
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Inches are required to arrest an incendiary burn. This, high pressure depend-

ence decreases in severity as combustion volume increases. Early tests with

f the 1.0-cubic-foot combustion volume showed that an incendiary ignition with

10.0 inches of foam still allowed an explosion to occur within the relief

volume. However, a delay of 3 to 4 seconds separated the ignition event from

the fire observed at the relief volume viewing port. The arrester was not

damaged but had sustained the usually blackened stain and relief side burning.

It was observed and can be stated, from the large amount of material burnt

(and observed to be melted and blown into the relief volume during most tests,

that these gases largely contribute to local inerting on the relief side of

S ( the foam. Finally, if a flame did propagate through a hole created in the

arrester, no combustible gas is present at the 'time and place of the ignition

( and the reaction terminates.

This probability of burn-through and possible secondary explosion does not

( allow the data to be presented by a sharply defined curve. Consequently, the

graphical data defining arrest and burn-through are represented by a shaded

( area.

( This probability was not as noticeable in tests with screen or other non-

flammable materials; the ignition delay experienced is caused solely by the

( arresting mechanism -attributed to geometry.

( MODE II

Peak Pressure Tests-It has been shown that within the fuselage configuration

( with a lined wall voiding concept, 25-ppi reticulated polyurethane foam

wetted with 3P5 showed a higher pressure rise for a spark-initiated

explosion than for one initiated with the incendiary igniter. Also, for the

voided top wall configuration the explosions initiated with a .50 caliber API
( projectile fired through 1/4-inch aluminum 6061-T6 plate at a muzzle volocity

a 2,300 feet per second, the pressure rise was lower than in those produced

( by the incendiary igniter.
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A possible explanation for this difference in pressure rise is presented in

the main body of the report. In summary, it has been suggested that the

lover pressure rises obtained when using the incendiary igniter to initiate

an explosion is related to: )
o the mechanism of incendiary reaction

o the apparent rate of burn in the combustion volume. )

The data indicate that the following materials were conducive to reducing

maximum over-pressure:

o 3M felt (Scotch Brite)

o 25 ppi foam

o 25-ppi foam and Astroquartz 594

o 25 ppi foam and 20-mesh -016 stainless steel screen

These materials based upon results of Mode IA, 4.0-inch-flame tube and

Mode IB, variable geometry test program, were acceptable as materials for

inclusion in the Task III portion of the program.

Material Property Determinations-The results of the property determinations

conducted per MIL-B83054 on 13 material samples indicate that the 3M Scotch

Brite material and the 25-ppi foam have a high fuel retention figure ( 4.5%

and 6% respectively).

Mathematical Model Development-A dynamic mathematical model was developed and

modified throughout the test program to reflect test data. However, modifica-

tions were minimal and centered on establishing the correct "V" factor for

each material. The model inherently couples pressure and temperature rise

to the mass flow through the orifice and relief volume pressure rise implic-

itly. These parameters could only be affected by changing the time at which

peak pressure was observed to occur in the combustion voltme. All the other

parameters are determined and modified by the program because they all depend

on each other.

The mathematical model predicts the pressure and temperature increases within

the combustion and relief volume, both during spark and incendiary-initiated

10
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explosions. The model was found in accordance with the test data generated

(j as a result of Mode IB testing and in general with that of Mode II. However,

the program was not modified to reflect the pressure changes resulting from

S! various ignition sources. These pressure variations experienced during tests

within the fuselage tankage will require a higher- degree of sophistication

in present modeling to describe observed phenomena.

(• The results of all Task I work have shown:

0 Flame speed at the time #. ii place of arrest is an important parameter

( •0 Material burning contributes to arresting characteristics of foams

and felts

0 Combustion volume affects the thickness of arrester required to arrest

C !a flame front

* The ignition source directly affects the pressure rise time within

Sa combustion volume

* Differences in rise time contribute to varying gas mass flow rates

(, through an arrester

- The arrester cross-section area and total. relief area affect the velocity

of expanding burnt and unburnt gases contributing to changing arrester

characteristics.

(i
TASK II

All test configurations were tested with 25-ppi reticulated polyurethane

( foam. The initial test void condition was determined using steady state

- model relief to combustion ratio versus overpressure data. Further tests

with increases in the percent void were each determined from the data obtained

during the preceding tests. Testing was centered on obtaining data relating

to the defined over-pressure criteria of 10 psig.

The tabulated data summarize pertinent data for each test conducted, taken

( directly from the detailed test data sheets. It was apparent from the precedii

task that the ignition mode and pressure rise times were important. Conse-

Cl
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quently, included in this report is a direct copy of all data traces for each

teat condition. Each trace records an arrest or a burn-through and the ignition

mode.

The relationship of percent penalty void to absolute pressure ratio in

graphically shown for each test. Penalty void is defined as the ratio of

the total tank void volume versus the total volume. The data are presented

in tabular and graphical form, with a bar chart for each tankage.

In all cases of burn-through, several pressure peaks were recorded. Each is

shown in the data traces and plotted as an over-pressure ratio in the graphical

data.

It is noted that throughout this program the over-pressure is correlated with

percent penalty void, as this relates directly to aircraft applications.

Each void configuration was initially standardized so that its application in

any cell of each configuration would not affect the total penalty void of each

tankage. The only exception is with the three-cell large wing tank central

egg crate concept. In this instance the date are plotted as the center cell

egg crate penalty void.

In all tests the intent was to obtain sufficient data to allow a determination

to be made of relative performance of each concept.

A correlation with the dynamic mathematical model is made only with data

obtained from the lined wall configuration. The required program routine

chdnges required to describe some of the more exotic voiding concepts tested

within the small and large wing tankages were considered beyond the scope

of this progrm.

It was found that the most acceptable voiding techinique using lO-psig overpres-

sure criteria applicable for a fuselage tankage was the voided top wall, up to

Q 53% total voiding. The small wing tankage showed that 85% to 90% voiding is

12



(r

possible with a voided top wall concept with spark ignition, reducing to 772

with the incendiary igniter and to 73% with .50 caliber API. The large wing

tankage lined wall concept allowed voiding up to 75% to be achieved at 0 psig

with an incendiary ignition source.

( The voiding concepts recommended for testing in Task III are as follows:

* Fuselage Tankage

Voided Top Wall

Voided Lined Wall

( * Small Wing Tankage

Egg Crate

S( Voided Top Wall

* Large Wing Tankage
( Lined Wall.

( TASK III

( ,The test program was conducted in a similar manner to that conducted previously

in Task II. The initial test void condition was determined using relief-to-

combustion ratio versus over-pressure, as predicted from the mathematical

model. Further tests with increases in the percent void were each determined

from the data obtained during the preceding tests. Testing was centered

( on obtaining data relating to the defined pressure rise criteria of 10 psi.

(" Each void configuratien was initially standardized as in Task II so that its

application in any cell of each configuration would not affect the total
( penalty void of each tankage. In this task the void configurations obtained

from Task II were tested using various other materials that were proved

acceptable as a result of Task I. These materials were:

(• o 3M Scotch Brite

o G.A.F. Polyester Fiber, type 2A

(o 25 ppi foam and 016 Stainless Steel

o 25 ppi foam and Astroquartz, type 594.

(
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In all tests, the intent was to obtain sufficient data to allow a determination )
to be made of relative performance of each concept. )
The data are presented in tabular and graphical form with a summary bar chart

for each tankage.

The tabulated data summarize pertinent data for each test conducted, taken

directly from the detailed test data sheets. Included in the data is a direct

copy of all data traces taken for each test condition. Each trace records

an arrest or a burn-through and the ignition mode.

The relationship of percent penalty void to absolute pressure ratio is graphically

shown in the report for each test.

The voiding concepts tested that showed greatest promise in their application

to aircraft tankages are as follows:

* Fuselage

Voided top wall

* Small Wing

Egg crate

Voided top wall )
0 Large Wing

Lined wall. )

These voiding concepts should be further exhaustively tested in full-scale )
configurations that represent more closely aircraft installations.
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SECTION III

PROGRAM DESCRIPTION

TEST OBJECTIVES

A program flow chart is shown in Figure 1.

Task I was aimed at defining and optimizing a second generation flame arrester

material. The program was directed at separating the fundamental physical

parameters affecting the arrester performance from the influences of fuel tank

configuration and geometry that affect flame properties.

This initial phase was separated into the following modes:

Mode I: Screening tests to evaluate the material's ability to prevent burn-

hough- To achieve these screening evaluations, this mode was further sub-

divided into programs, A and B, as follows:

"Mode IA: 4.0-Inch Flame Tube Tests-This fixed geometry apparatus allowed

a determination of the flame speed at which burn-through occurred for various

arrester materials and thicknesses. The igniter source for all Hode IA tests

was a high energy sparkplug with modificaticns that allowed the probes to

extend into the tube.

Mode !B: Variable Geometry Tube-By use of AFAPL/SFH incendiary igniter, this

apparatus determined the resistance of arrester materials to burn-through.

Variations in combustion volume, relief volume, and relief area were obtained.

The conceptual development of this apparatus is shown in Figure 2.

Mode II

These screening tests allowed an evaluation of the ability of the arrester

materials (chosen from Mode lB tests) to minimize the pressure obtained in

a lined-wall, 40Z voided, 100-gallon fuselage configuration test tank.

( 1.5
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Task II is concerned with evaluation and optimization with respect to

achieving naximum percent void with various voiding concepts. Tests

were conducted on various tankage configurations.

The objective of Task III was to combine the technology developed In

Tasks I and II and to evaluate, by testing, advanced arrester voiding

concepts combined with the optimized materials.

18
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SECTION IV

TASK I MODE IA TEST PROGRAM

1.0 TEST APPARATUS: 4.0-INCH-FLAME TUBE

The test setup shown schamatically in Figure 3 consisted basically uZ aai 8.5-

cubic foot mixing chamber, a propane supply, and the 4-inch-diameter flame

tube assembly. A small mixture test bomb was used to check the gas mixture

for the proper fuel-to-air ratio by igniting a fixed volume (0.3 cubic feet)

of mixture and noting the pressure rise. The mixture bomb was hydrostat-

ically tested at 350 psig: the maximum expected test pressure was 125 psig.

Mixing Tank-An 8.5-cubic foot mixing tank was used to mix the propane and air

in the proper ratio prior to introducing the mixture to the bomb and the

flame tube. The tank working pressure is 330 psig; the tank was hydrostatically

tested to 500 psig.

4-Inch Flame Tube-The flame tube, Figure 4, consisted of two 60-inch sections

of 4-inch-diameter pyrex glass tubing mounted horizontally on a stand with an

aluminum test section clamped and sealed between the sections. Aluminum

adapter plates were attached to the upstream and downstream ends of the tube

for .installation of flame speed control orifice plates and to seal the tube for

evacuation during filling. The upstream adapter plate contained provisions

for introducing the gas mixture and the spark igniter. The spark igniter was a

modified automotive spark plug powered by a 15-kv transformer. Normal output

voltage, however, was adjusted to 8 kv by varying the input voltage.

Ten photodiodes .(Texas Instruments P/N H-35) were positioned on the upper

surface of the flame tube to measure the flame speed. Reflective foil was

taped to the outside of the tube opposite the photodiodes to reflect as much

light as possible into them. The locations of these diodes in the flame tube

are detailed in Figure 5.
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"( Air Flow Pressure Drop

( The test setup used to determine the pressure drop characteristics with air at

NTP ts shown schematically in Figure 6. An ASME nozzle calibrated flow tube

measured airflow rates through the arrester material. The pressure drop

across the arrester was measured with a 50-inch mercury manometer.

2.0 INDUSTRY SEARCH AND MATERIAL TESTED

To procure new materials an industry search was conducted. The following

letter was sent to approximately 50 companies thought capable of infusing

new materials to the task of arresting flames:

Subject: Gross Voided Flame Arresters for Aircraft Fuel
( Tanks - Contract No. F33615-72-C-1597

Gentlemen:

(.In conjunction with the subject contract, Boeing is presently
conducting an industry search for candidate materials-either new
or presently available-to function as a "flame arrester" within
aircraft fuel tanks. Candidate materials must be compatible
with liquid hydrocarbon fuels.

This inquiry is being forwarded to a large number of manufacturers
of possible materials and is therefore general in nature. Data
is requested on any of the material types listed below which you
may manufacture, or on any other materials you believe may be of
interest.

Materials of Interest:

1) Screens
a) Polyester
b) Stainless Steel
c) Polyester Teflon Coated Metal

2) Wire Mesh (stacked for depth)
a) Stainless Steel Wire
b) Polyester Wire
c) Teflon Wire
d) Knitted Nylon (Balls or Tubes)
e) Knitted Teflon (Balls or Tubes)

23
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3) Honeycomb Construction
a) omax
b) Stainless Steel Lisk Disks (or others)
c) Fiberglas (Sine waves, tubes, etc.)
d) Aluminum Tube Core

4) Polyester, Nonwoven
a) Scotch Brite
bE Variations of Scotch Brite

5) Reticulated Polyurethane Foam
a) 25 Pores per inch
b) 15 Pores per inch
c) 10 Pores per inch
d) Foam Spheres
e) Foam Tubes (Hollow and Solid)

Should you be interested in our consideration of one or more of your
products, the following information should be forwarded to the undersigned:

1) Delivery lead time
2) Availability of material variations and range of dimensional

variations available
3) Cost (single piece and bulk lot price)

Where available, the following details as to physical characteristics
of each candidate material are requested: Denier, Density, Physical
Strength (Stiffness, Brittleness, etc.), Fuel Retention, Equivalent
"Porosity (Fuel Flow Pressure Drop), Volume Displacement, Thermal
Conductivity, Hydrolytic Stability, Melting Point, Specific Heat, Fiber
Size, Deterioration (Fuel Exposure to JP-5), Humidity Exposuze, Flammability.

If you feel that a product (or products) presently being manufactured and
available (or to be available in the near future) is applicable as a flame
arrester material, details, brochures and samples of same are requested
in response to this inquiry. Your response should be addressed as follows:

The Boeing Company
Aeronautical and Information Systems Division
P. 0. Box 3999
Seattle, Wash. 98124

Attention: D. L. Duncan
Org. 2-4565
Mail Stop 40-14

Your early response, or indication of intent not to respond to this request

is greatly appreciated.

Very truly yours,

THE BOEING COMPANY
Aeronautical and Informa-
tion Systems Division

( 25



The companies contacted were: )

Avco Corp. Ferro Corp. )
Lowell Industrial Park 3512 -20 Helms Ave.
Lowell, Mass. 01851 Culver City, Calif. 90230

Babcock & Wilcox Co. Fiberglas Canada Ltd. )
Old Savannah Rd. 48 St. Clair Ave. W.
Augusta, Ga. 30903 Toronto, Ont.

Brunswick Corp. Fiber Glass Industries, Inc.
69W. Wash. St. Homestead P1.
Chicago, I1l. 60602 Amsterdam, N.Y. 12010

Carborundum Co. Firestone Coated Fabrics Div.
P. 0. Box 337 Akron, Ohio
Niagara Falls, N.Y. 14302

Commonwealth Felt Co. Firestone Coated Fabrics Co.
76 Summer St. Magnolia, Ark.
Boston, Mass. 02110 Attn: Mr. Phil Webb

Connecticut Hard Rubber Co. GAF Corp.
407 East St. Industrial Products Div.
New Haven, Conn. 06509 109 Glenville Station

'Greenwich, Conn. 06830
Continental Felt Co.
22 W. 15 St. General Technologies Corp.
New York City, N.Y. 10011 1821 Michael

Faraday Dr.
Custom Materials Inc. Reston, Va. 22070
279 Billerica Road
Chelmsford, Mass. 01824 B. F. Goodrich Industrial Prod. Co.

500 S. Main St.
C. H. Dexter Akron, Ohio 44318
One Elm St.
Windsor Locks, Conn. 06096 Goodyear, GL4-4097-213-583-3083

Tire & Rubber Co.
Eagle-Picher Industries, Inc. Akron, Ohio
American Building
Cincinnati, Ohio 45202 Hampden Brass & Aluminum Co.

262 Liberty St.
Electrical Specialty Co. Springfield, Mass. 01101
213 E. Harris Avenue
So. San Francisco, Calif. 94080 Hitco

1600 W. 135th St.
Fabricon Products Gardens, Calif. 90249
1721 W. Pleasant Avenue
River Rouge, Mich. 48218 Huyck Felt Co.

Washington St.
Rensselaer, N.Y. 12144
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Jchs-Kanville Joseph T. Ryerson & Son, Inc.
22 East 40th St. Box 8000-A
New York City, N.Y. 10016 Chicago, Ill. 60618

Kintex, Inc. Schraam Fiberglass Prod. Co.
575 Kennedy Road 2849 Montrole Avenue
Buffalo, N.Y. 14227 Chicago, Ill. 60618

Kreha Corp. of America Scott Paper Co.
116 E. Alondra Blvd. Foam Divibion
Gardena, Calf. 90248 Chester, Pe-n.

Masland Duraleather Co. Star Textile and Research Inc.
Amber & Willard Sta. Saratogo St.
Phila., Pa. 19134 Cohoes, New York 12047

Minnesota Mining & Manufacturing Co. J. P. Stevens & Co., Inc.
3M Center, Attn: J. C. Simon Stevens Tower, 1135 Avenue of
Sc. Paul, Minn. 55101 the Americas

Monsanto 
New York, N.Y. 10036

800 North Lindbergh Blvd. Strathmore Paper Co.
St. Louis, Mo. 63166 60 Front St.

West Springfield, Mass. 01089
Ovens-Corning Fiberglas Corp.
P. 0. Box 901 Supreme Industrial Prod. Co.
Toledo, Ohio 43601 367 No. Karlov Avenue

Chicago, Ill. 60624
Pellon Corp.
221 Jackson St. Thermal American Fused Quartz Co.
Lowell, Mass. 01852 Rt. 202 & Change Bridge Rd.

Montvi-le, N. Y. 07045
Pittsburgh Corning Corp.
One Gateway Center Uniroyal
Pittsburgh, Pa. 15222 Mishawaka, Inc.

(James H. Rhodes & Co. Western Felt Works
48-02, 29 St. 4115 Odgen Ave.
L.I.C., New York 11101 Chicago, I-1. 60623

Rodgers Foam Corp. Westpoint Pepperell
114 Central St. 111 W. 40 St.
Somerville, Mass. 02145 New York City, N.Y. 10018
Attn. Mr. Al Fuller

Zurn Industries, Inc.
Ruco Div. 5533 Perry Highway(Hooker Chemical Corp. Erie, Pa. 16512
New So. Rd.
Hicksville, N.Y. 11802

(
( 27



A reply was received from approximately 80% of the contacted manufacturers.

As a result of these inquiries applicable materials were selected and pur-

chased. )

A complete list of purchased materials follows. Those that have been tested

within the 4-inch-flame tube are indicated with an asterisk.

1. KREHA Corp.

* KCF - 100-10 Mash Cloth

* �CF - 100 Standard Cloth Square Weave

KCF - 100 Tow

KECA Foam (Mini-Sample)

, KCF - 100 Feet - 50 Felt

2. Custom Materials Inc.

*#7611 XP Black Foam 25 PPI

This material is a 25-ppi foam, coated with "Velostat," which reduces

static hazards during handling and processing of static-sensitive

materials because it provides a conductive path to ground.

3. Hexcel Products Inc.

HRH 327 (E) 3/16 Spec. No Bms 8-125 (Black) Class I Type III P.

1/16 inch
* HRP 3/16 GFll-40 (Brown)
* HRP 1/8 GFll-40 (Brown)

4. *Titanium Honeycomb 1/8"

5. *I0-PPI Orange Reticulated Polyurethane Foam

6. *15-PPI Yellow Reticulated Polyurethane Foam
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(7. * 25-PPJ Black Reticulated Polyurethane Foam

a. *25-P4I Red Reticulated Polyurethane Foam(

9. TIT-Kressilk (Screens)

Stainless Steel *35 - 011

30 - 013

24 - 014

*20 - 016

Propyltex 5-30 - 590

"*J-25 - 710

5-20 - 840

710 PE

(630 PE

530 PE

(400 PE

8-20-20

8-25-23

8-34-32

(10. *3M Corp. Felt Standard (Scotch Brite)

(11. *GAF Ccrp. Felt Standard

( 12. GAF Felts (Experimental) Wex 1215

*2A Density 1.8 Denier 40

*5A Density 1.36 Denier 40

*8A Density 1.00 Denier 40

13. *Snuffer Tube Concept

( Proposed by Boeing

*6".0 Long

(
( 29



DESCRIPTION OF PROPOSED SNUFFER TUBE AND EXTINCUISHING PHILOSOPHY

The parameters involved in extinguishing a explosion are combustion volume

relief area, arrester thickness, ignition source, and rate of burn. These )
latter conditions relate to the gas velocity expanding through the arrester.

The snuffer tube was introduced to the test program in an attempt to control

the speed of the flame front at the arrester.

This concept would create a condition where the flame speed in the snuffer

tube would be greater than that in the annular space. The flame front

direction in the snuffer tube reverses, collides with the advancing flame

front in the annular space and arrest occurs. This ccncept would be used in

conjunction with an arrester material.

This concept was thought practical if this self-extinguishing flame front

resulted in conditions at the arrester face that allowed the use of a sub-

stantiaily reduced arrester material thickness.

4 Fl•ame Tube
Snuffe. Tube 3/4 - Dia.

SVariable L*ngh a

Advancing Prinuy/ \Advancing Snuffing Flame Front
Flame Front
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( - The appliration of this concept within an aircraft tankage, if shown accept-

able, could be used in conjunction with a flame arrester in an aircraft wing

( tank as shown below.

(

(

(

The advantages of this particular concept would be a reduction of pressure

drop through the arre3ter material due to increased efficiency of flame

( arrest.

14. Hough Industries Arrester (Reference3)

*
* 010 Sample

* 006 Sample



15. Fiberglass Cloth

*5 os
*10 oz

16. J. P. Stevens Co.

* Quartz Fiber Style 594

Quartz Fiber Hat

Material request made to the GAY Corporation resulted in the purchase

of nine materials that varied from their standard polyester fiber.

This material yea coded WEX 1215 and each 40-square-foot sample wes

supplied approximately 4 inches thick, vith the binder material compa-

tible with JP4 and JP5 fuels.

/'
PROPERTIES OF WEX 1215 SAMPLES

Fuel
Retention, Fuel Dis-

Sample Densit Fiber Porosity 3-min drain placement
No. (lb/ft ) Denier Type (% voids) (Vt 2) (% vol)

1A 1.80 25 Kodel 97.9 130 2.1
Type
231

2A 2.3 50 Kodel 97.4 118 2.6
Type
431

3A 1.1 15 Kodel 98.7 173 1.3
Type
231

4A 1.2 25 Kodel 98.6 203 1.4
Type
231

5A 1.3 50 Kodel 98.5 146 1.5
Type
431

6A 1.1 15 Kodel 98.7 166 1.3
Type
231
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A 7A 0.9 25 lzu'401 98.9 224 1.1Type
231

BA 1.2 50 Kodel 98.6" 149 1.4
Type

( 431

9A 1.0 15 Kodel 98.8 202 1.2( Typo
231

( The general properties of these samples are:

(Fiber Kodel Polyester

Binder M3 Melamine Formaldehyde

(Fiber Specific Heat - 0.32 cal/gm/
oc

(Hydrolytic Qualities Long-Time Stability in the

Presence of Moisture at 212°F

(Fuel Resistance (JP4-JPS) Completely Stable

(3.0 INSTRUMENTATION

( Ten photodiodes (Texas Instruments H-35) are positioned on the upper

surface of the tubes and spaced so that the flame speed can be measured.

( A reflective foil is taped on the opposite side of the tube to reflect

as much light as possible into the photodiodes.

- Test instrumentation consists of two basic parts. The first is for setup

and control of the test conditions and consists of pressure measuring

instruments; second is for obtaining data during the test. It consists

of the photodiodes to measure flame speed, thermocouples upstream and

( downstream of the test section, and high-speed movie coverage of the most

promising materials under test.

A block schematic of the instrumentation system used in Mode 1A testing is

( shown in Figure 7 and a listing is included as Figure 8.
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S4.0 IGNITION SYSTEM

The spark igniter is a modified automotive sprk plug powered by a 15-kv

maximum transformer. Normal output voltage, however, is adjusted to

approximately 8 kv by variation of the input voltage. A similar trans-

former energized the spark plug within the mixing chamber bomb sampler.

5.0 TEST PROCEDURE

Test Section Buildup - A typical test section buildup is shown schemati-

cally in Figure 9. As shown, the flame arrester sampia was placed in the

downstream end of the test section. For arrester samples less than 4 inch-

es thick, spacer sleeves were used to support the upstream face. For

selected runs, a 4-mesh stainless steel support screen was placed on the

downstream side of the sample.

To minimize "organ pipe resonance" interference with the flame front

propagation rate, an annular cross-section of acoustic material approxi-

mately 10 inches long was placed at the downstream end of the flame tube

(References 5 and 6).

Preparation of Air-Fuel Mixture - A 4.5% propane air mixture was used for

runs in this phase of the program. Mixing was accomplished through the par-

tial pressures of the component gases as shown in Figure 10. The propane was

added to the mixing cank through Valve VS3 and the tank partial pressure

monitored on a mercury manometer by opening Valve V5. After Valves VS3

and V5 were closed, air was added to the tank through Valves V7a and V7b.

Tank pressure was monitored on a 0-to 60-psig pressure gauge. Valves V7a and

V7b were then closed. A 4-inch-diameter speaker with a 1-inch diameter

orifice plate was used for in-tank mixing. The speaker was not energized

until all personnel had cleared the test cell.

Evacuation of the Flame Tube - Thin neoprene disks (1/16 inch) were attached

with vacuum grease to the end flanges of the flame tube. Metal end plates

( were manually held over these neoprene disks as the vacuum pump was turned

on and valves VS5 and VS6 were opened. As the vacuum in the flame tube
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)

increased, these metal plates were self-supporting. Opening Valve V55

allowed the mixture bomb and flame tube to be evacuated simultaneously. Both

chambers were evacuated to -14.5 psig, with the vacuum monitored on mercury )
manometers through Valves V4 and V8. )
After both the flame tube and mixture bomb had been evacuated, the vacuum

pump was turned off and Valves VS5 and VS6 closed.

Filling the Flame Tube and Mixture Bomb - The fuel air mixture was introduced

to the flame tube and mixture bombs through Valves VSl and VS2, respectively.

Both chambers were brought up to ambient pressure. As the pressure in the

flame tube approached ambient, the metal end plates dropped off, leaving only

the neprene disks over the tube end. Mercury manometers, through Valves

V4 and V8, were used to monitor the chamber pressures. All valves were then

closed.

Firing the Mixture Bomb -Prior to the evacuation of the mixture bomb, the

150-psig pressure transducer on the mixture bomb was set for zero and span

calibration,and the oscillograph was set for paper speed of 16 inches/second.

The oscillograph was turned on and, immediately thereafter, the mixture bomb

fire switch was depressed. After approximately 2 seconds the oscillograph

was turned off.

The maximum height of the bomb pressure trace was measured and,using the

sensitivity of 100 psi per inch, converted to pressure. A pressure rise of

greater than 90 psi indicated a proper fuel-air mixture.

Tf the mixture proved unsatisfactory, the flame tube and mixture bomb were

evacuated to -14.5 psig. The mixing tank was vented to ambient through the

manual control arm on the 30-psig relief valve. The tank was then purged

several times and a new combustible "batch" was mixed.

Firing the Flame Tube - The oscillograph was turned on and the flame tube

FIRE switch imnediately depressed. The oscillograph was left on until all

evidence of flame in the tube had disappeared.
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( Following the firing of the flame tube, the vacuum pump was again turned on,

Valve VS5 was opened to evacuate the bomb, and the mixing tank was vented

to ambient pressure through the 30-psig relief valve.
(

Test Data -- The oscillograph record with 0.01-second timing lines and the

photodiode output traces, denoting passage of the flame front, together with

the measurement data on the photodiode locations, allowed the flame front

( velocity in the tube to be calculated.

The observed linear flame speed was controlled by the use of orifice plates

positioned at each end of the tube. The fastest flame speed was obtained by

closing the ignition end and fully opening the other; the slowest by fully

(opening the ignItion end and closing the other end. Due to the nature of

the tests, pressure was not a recorded parameter. In all tests the required

( flame speed was obtained with one end of the tube fully opened, consequently,

the pressure rise would be related to the pressure drop along the tube and

( across the arrester material and has generally been considered to be very low.

-. The flame speed orifice plates used in the program were as follows:

Diameter Area
(in.) M

4 100

S3.795 90

3.347 70

S2.828 50

2.19 30

( 1.26 10

1.09 7.5

0.89 5

3

(
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6.0 RESULTS AND DISCUSSION OF RESULTS

The flame speed comparison tests for different materials allowed a quantitive

rating of each material. The graphical and tabular results relating the

observed flame speed with the thickness of arrester material required for

arrest are shown numerically in Table A-I and Figures A-I through A-9,

(Appendix A).

A trace of typical data obtained for each of the 288 flame tube tests is

shown in Figure 11. It is noted that the observed flame speed is calculated

from the time taken for the flame to pass Photocells 3 and 5 for Runs 1 through

22 and 4 and 7 for Runs 23 through 288 (Reference Figure 11). The relocation

of photocells was made to allow a more in-depth review of the flame speed

before the arrester is encountered.

A typical bomb sample data trace is shown in Figure 12. These data show the

slight increase in pressure and reduced burning time associated with locating

the spark ignition source 4.0 inches into the 10.0-inch-long chamber. A

calcuL-tion of the flame speed for correlation with the mathematical model

follows.

Assuming that maxim'm bomb overpressure occurs when the flame front propagating

spherically from the ignition source hits the end wall, then it follows that

the average flame speed relative to the walls is given by:

SA - XLC/t

= 10/(12 = 8.17 (fps)(2x O" 102)

wh-re XLC - length of expolosion chamber (inches)

t - time of pressure rise (seconds)

Similarly with the ignition source located 4.0 inches into the chamber:

s (10-4) 7.25 fps
A 12 x "69
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Reference 7, page 528, indicates that the apparent flame speed lies between

9 and 12 fps assuming

1) The ratio of molecular volumes before and after ignition H w 1.04

2) The fundamental flame speed S about 1.25 fpso

3) Flame temperature Te between 1,3000 K and 2,3000K

The burn-through data resulting from these tests allowed the following

materials to be selected, based upon their flame-arresting qualities only.

( The materials are listed (not in any order of preference) as follows:

( 0 3M Scotch Brite

"* GAF Felt (Standard)

"* GAF Felt (Type 2A)

• KCF Carbon Fiber

* Velstat 4611 x P Coated Foam

( • Astroquartz Fiber Type 594 (10 Layers)

* Astroquartz Fiber Type 594 (6 Layers)

( Stainless Steel Screen, 20 Mesh, .016

0 Stainless Steel Screen, 35 Mesh, .011(
The arresting qualities of various materials were enhanced by selectively

combining various arresters. For instance, the velocity of flame required

for burn through 25-ppi foam could be increased by installing stainless

steel screens at the front and rear of the sample.(
It is interesting to note that the test results obtained with the 15-ppi and

( 0-ppi reticulated polyurethane foam (Figure A7) shows that the l0-ppi foam

produced very erratic data, becoming stabilized only when the pore size

( increased to 15 ppi and 25 ppi.
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)
The 15-ppi foam allowed flame speeds less than 350 inches per second to

pass through but arrested the high flame speeds. These data essentially

substantiate the results of Reference 2, in which flame speed was considered

an important consideration in the mechanism by which reticulated polyurethane

foam arrested a moving flame front.

Photographs of material samples showing the extent of damage for various test

conditions are shown in Figures A-10 through A-17.

The material selection results from the burn-through tests were then further

evaluated for acceptable pressure drop characteristics.

The pressure drop across these selected materials was determined using dry

shop air at 70°F (530 0 K). The results have been tabulated in Tables A-II

through A-XIV and graphically represented in Figures A-18 through A-31.

The airflow versus pressure drop data taken were intended primarily for

qualitative use. Consequently, all test data were taken within 10 to 20 seconds

of establishing an airflow condition.

Pressure Drop Analysis and Data

The pressure loss in a fluid system caused by factors other than fluid friction

is normally expressed as a resistance coefficient (K) and is defined as the

number of velocity heads lost for flow through a given obstruction (ReferenL. 7).

Pressure drop in feet of fluid, Ah

is given by Ah - K hv K (-v2

converting units

2

AP (lb/in..) 2 K 

(1)2

2 x 144 x g
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The weight of fluid flowing W is given by W - P A v

transposing and squaring

V ____ w
2. W2 16 W2(U)

P2 A2 p2 Wr D4

substituting equation (UA) into (1) and standardizing units

2 16 x K x W x 1442
AP (lb/in.2) U

2 x 144 x 2 x p x D4 x g x 3,600

where D a tube diameter in feet.

0.0133 W 2
Pressure drop AP - K x D1 (2)

It is convenient to express variations of K for typical obstructions as a

function of Reynolds N° = (R e)

ee
R eaV UD (2A)

where p - viscosity (for air at NTP)

"1.427 x 10-4 ft 2 /sec

Rewriting Equation (2A) and normalizing units compatible with Equation (2)

results in

Re 23,500 W (3)

P D

P lb/in. i

W mass flow in lbs/min

SD diameter in inches

p density (0.076 lb/ft3 for air)

g gravitational constant (lb(m)-ft/lb(f) - sec )

v velocity in fps.

4

The values of K have been calculated from this data using Equation (2) and

have been graphically represented for each material as a function of Reynolds
number using Equation (3).
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It would be expected that the velocity head loss K will reduce as Reynolds

number increases until a constant value of K is obtained. However, it is

generally shown in the data pertinent to foams and felts that comprassability

of the arrester material allows the K value to increase prior to establishing

a theoretical value that remains constant. These data allow comparisons of

degree of pressure drop for each material tested.

In the real world, however, the arrester will be compressed as the expansion

and expulsion of hut comb-:tion gases through the material occurs as a result of

an explosion. This compression will be inmediate and will continue until the

pressure drop is high enough to achieve the following conditions.

Maximum overpressure is reached, determined by

Arrester thickness

Relief area

Pressure drop (K factor)

Arrester tensile strength

The key was to find an arrester that did not allow fast or slow moving flame

fronts to propagate through, that also had low-pressure drop characteristics,

i.e., a low K factor.

The pressure drop through the apparatus and holding screen with no arrester

installed would not indicate a pressure drop for the highest airflow tested,

and would be considered so low that its influence on the test data could be

ignored.

The test data taken indicated that the foam and felt materials offered a

],,6e wetted area to the airflow and that compression of the material while

holding an air flow setting influenced the pressure drop, resulting in

pressure drop data that vary with time.

Data from Reference 2 using 10-ppi orange foam for the arrester indicated

thit atL airflow in excess of 8 to 9 pounds per minute would compress the

foam, and at 15 pounds per minute it would have been compressed to 42% of its

original thickness. The material pressure drop data are summarized in Figure

13, allowing easy comparison for each material.
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The airflow pressure drop data were obtained by passing dry air through a 4.0-

Sinch-thick material sample. The correlation of velocity head loss (K factor)

with Reynolds number, resulting in a constant value of K. inherently assumes

that the material does not compress or has compressed to some maximum value.

When the material has compressed its full amount, only then could K remain

constant.

The thickness of material chosen for the airflow pressure drop analysis

was commensurate with that applicable to this total program. Obviously if a

relatively thick sample had been chose, say 12 inches, the K factor would

continue to increase as the material continued to compress, until a maximum

physical thickness was reached, determined by material density. At this

condition the velocity head loss (K) would indeed be constant, but would be

of a higher value than that obtained from a thinner sample, depending

upon the original material thickness and density and porosity.(
From this sammary curve the following materials resulted in acceptably low

*° pressure drops.

4 0ll Stainless Steel Screens, 35 Mesh

0 016 Stainless Steel Screens, 20 Mesh

* KCF-100 No. 10 Mesh Screen

0 Quartz-Fiber Type 594

(Note that these samples were supplied by Hough Industries, Inc.)

0 3M Felt (Std)
* 25-PPI Foam

0 Custom Material 7611 XP Foam

* 1O-PPI Foam

0 GAF Felt (Std)

Following tests conducted with the Astroquartz samples HIll0 and H1106 supplied

by Hough Industries, Inc., tests were conducted on 5-ounce and 10-ounce glass

cloth.(-
It is noted that two screens of 10 OZE glass cloth were sufficient to arrest

( all flame speeds that the apparatus could produce; however, with reference

to Figure 13 the pressure loss is rather high. It is hypothesized that
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" KCF Carbon Felt

GAF Felt (Std) )
S3M Felt (Std)

4 /S Screen No. 36 Mesh

5 10 PPI Orange Foam

6 25 PPI Red Foam

7. USS Screen No. 20 Mesh
1425 PPI Black Foam

Custom MtI 7611 XP Foam

10 KCF.100 StadAwd Screen

I)0 Q KCF.IO0 No. 10 Minh Screen
- / •• (• Hough Ind. HL I1110

10 () Hough Ind HL 1105

O ?oOz G ,m Cloth

Is

02

C.5

1 12

10

100 200 300 400 500 600

Reynolds No. x 10.3
Pigur 13: Armsw Matvjrai Prmtm Drop Data Summary
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given time to develop this type of arrester, an open weave mesh could be

obtained, such that the pressure drop approaches a K factor per screen of a

5 and that four or five could be assembled so that the K factor approached

that of 1 inch of 25-ppi reticulated polyurethane foam. The snuffer tube

concept was tested in conjunction with 2 layers of 20 mesh stainless steel

screen. The flame speed was varied between 173 ins/sec and 475 ins/sec.

Previous tests had concluded this to be an area of burn-through and any

improvement in flame arresting capability at these conditions could be

attributed to the use of a snuffer tube. Tests 180 and 181 with the snuffer

tube resulted in immediate burn-through and further tests were not undertaken.

Figure A-7 shows the variations in arrester thickness and flame speed for the

15 ppi foam. These data show a relationship between flame speed and arrester
thickness. Data resulting from tests with the 20 mesh -016 stainless steel

screens shown in Figure A-9, indicate that for a combined arrester thickness,

up to 4 screens, the area of arrest was reverse to that obtained for the 15

ppi foam.

Correlation of test data obtained from these two materials was thought per-

missible as their pore sizes appear to be similar, reference Figures A-l1

and A-14.

7.0 CONCLUSIONS AND RECOMMENDATIONS

It is concluded that flame speed is an important parameter in ascertaining

the capabilities of arrester materials to stop a propagating flame front.

Metal screens arrested slow moving flames and allowed higher flame speeds

to propagate through, while generally the fibrous arresters (i.e., foams,
felts, etc.) arrested fast-moving flame fronts and allowed slow-moving

flames to pass through.
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The data would indicate that when the number of screens was increased to 4 )
or more. the assembled screens arrested all the flame speeds tested. Reduc-

ing the screen mesh to a 35-011 resulted in the same characteristic curve as

shown in Figure A-9. These results show that a threshold of arrester thick-

ness occurs, beyond which a particular material will arrest all flame speeds.

The test data obtained would indicate that the material type, pore size

(affecting the quenching distance), thickness, and flame speed at the time

of arrest are all influencing parameters.

This application could be adopted and generalized around the techniques

developed from the Space Lattice Wing BaRe Development Program proposed by

the Boeing Aerospace Company (Reference 9) submitted to the Air Force

Materials Laboratory, June 1972.

Vibratory flame travel was audibly noted during most tests where a very

slow or very fast moving flame front was propagated. Tests with the foam

materials usually result in a severely damaged and burnt back face if

a burn-through occurs.

It has been concluded as a result of all flame tube and associated air

flow pressure drop tests that the following materials and variations

of assembly and combinations of these materials show promise as flame

arresters:

3M Scotch Brite

GAF Felt (Standard)

GAF Felt (type 2A)

25-ppi Foam

15-ppi Foam

5-ounce Class Cloth (Fiberglass)

Astroquartz Type 594

016 Stainless Steel 20-Mesh Screen

Consequently these materials, and combinations of them, were further evalu-

ated in the variable geometry test rig during the ensuing program.
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A new material suitable for use as a flame arrester has been developed by

J.R.L. Associates of 46 Saranac Avenue, Lake Placid, New York 12946 (518-

"523-9066). The process treats a special alloy aluminum sheet in such a way

that, after being coiled, the material resembles a semi-rigid cellular foam

or sponge. Material samples have been requested. However, this material/

process was developed too late to be included in the present program.

The cost of this material is estimated to be $3.00 per cubic foot, its weight
3is 3 lbs./ft.

While weight and assumed retention penalties appear to prohibit use within

fully packed tankage, its application within gross voided tankages could be

practical.

It is recommended that this material be subjected to tests similar to those

undertaken during Task I of this program to establish pertinent arresting

and pressure drop characteristics. These data will allow a determination of

the application of the material in gross voided tankages.
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SECTION V

TASK I MODE IB TEST PROGRAM

1.0 TEST APPARATUS

Overall views of the mode IB test set-up within the hazardous cell are shown

in Figures 14 and 15. In Figure 15 the combustion chamber is shown with a

foam specimen in the test section. The major items in the set-up are identi-

fied in Figure 14, from left to right, as the mixing chamber, 18-inch flame

tube assembly, flame tube vacuum pump (upper right), and the mixture bomb

(lower right). A schematic of the test set-up showing the interconnecting

plumbing and test instrumentation is included as Figure 16. The 8.5-cu-ft

mixing tank was the same as used in Mode IA testing. This tank, however,

was retested hydrostatically to 860 psig to allow higher batch mixing pres-

sures.

18-inch Variable Volume Flame Tube

The 18-inch flar tube was fabricated from 18-inch diameter, ýchedule 10,

mild steel pipe. The maximum working pressure was determined to be 252 psia.

Following fabrication, a stresscoat analysis was performed on the 18-inch

flame tube to locate areas of high stress. The stresscoat ha, a strain

threshold of 24 ksi, assuming a modulus of elasticity of 30 X 106 psi.

When the tube was hydrostatically tested to 250 psig, no crac. s were detect-

ed in the coating. Considering the accuracy of the technique, the stresses

on the flame tube Phell and welds were considered to be less than 30 ksi

at the maximum test pressure.

The factors of safety were therefore calculated to be:

Yield: 1.27 to 1.96 factors @ 250 psig

Ultimate: 2.00 to 3.12 factors @ 250 psig

Preceding page blank 53



X I-

54



rig I

55



, )b

-' .3Ij )I

2 °

ILA.

SE6

iJ-

. ..-II'

ccc

56



This assembly was designed for a maximum total volume of 14.4 cubic feet

and was fitted uith a variable partition. For test runs in Mode IB, the

partition was set for a maximum volume of 12.8 cubic feet. A cross section

of the 18-inch-flame tube is shown in Figure 17.

The principal components of the flame tube include:

1) Combustion chamber head, Volume: 0.955 cubic feet

2) Test section, 7.6 inches long, volume: 1.575 cubic feet

3) Test section, 11.2 inches long, volume: 1.576 cubic feet

4) Test section, 4.0 inches long, volume: 0.574 cubic feet

5) Main section volume: 9.1 cubic feet (as used 4a Mode IB

testing). This section contained the variable partition,

( viewing window, relief volume, and relief foam. The flame

tube support structure was attached to this section.

Nominal combustion volumes of 1.0, 1.5 and 2.0 cubic feet could be set by

( using the (1) section, (1) and (4) sections, and (1) and (2) sections, respec-

tively. The flame arrester specimens were installed in either the 11.2-inch,

( 7.5-inch, or the 4.0-inch section, depending on the speciment thickness.

2.0 MATERIAL DESCRIPTION(
The materials tested at various thicknesses during the test program are

( listed as follows:

25-ppi Red Foam

15-ppi Yellow Foam

3M Scotch Brite Felt

GAF Standard Felt

GAF Type 2A Felt

016 Stainless Steel 20-Mesh Screen

5-ounce Glass Cloth

( Astroquartz Type 594

( 57
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Tests were conducted with various combinations of the above materials in

an attempt to improvc flame arresting characteristics.

25-ppi Foam and Stainless Steel Screens

(Various Combinations)

25-ppi Foam and Astroquartz

(Various Combinations)

Astroquartz and Stainless Steel Screen

3M Scotch Brite Felt and Stainless Steel Screen

3.0 INSTRUMENTATION

The instrumentation consisted of two basic parts: the first part, for set-

up and control of the test conditions, consists of pressure-measuring

instruments; the second part was for obtaining data during the test.

A block schematic of the instrumentation system used is shown in Figure 18.

High-speed movies (1000 frames per second) were taken with a Photo-Sonics,

Inc. 16 mm 1B-100 camera loaded with Ektachrome 7240 EF, ASA 160 film.

The aperture was set at f 1.5.

4.0 IGNITION SYSTEM

The incendiary ignition circuit is shown in Figure 19 Fo: 95% of all

tests the AFAPL incendiary igniter was used. This device is shown in

Figures 20 and 21. The incendiary powe • composition as supplied by the

Air Force (AFAPL) is as follows (Reference 10):

50/50 magnesium/aluminum 48%

50 Barium nitrate 50.5%

Asphaltum 1.5%
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Figure 20: Igniter Assmbly

Figure 21: Igniter Charge Housing
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The size of charge was approximately 30 to 40 grains per firing, depending

upon the condition of the igniter used.

For tests with a spark ignition, a high-energy coil was used. The system

was identical to that used during the preceding 4.0-inch-flame tube tests.

5.0 TEST PROCEDURE

Test Section Buildup -- Prior to installation of a test specimen, any

remains of the previous specimens were wire-brushed from the chamber

walls and the sample retaining screen, and the viewing window in the

test chamber was wiped clean.

To maintain a controlled combustion chamber volume, the upstream face of

the test specimen was located within 1/4 inch of the upstream test section

mounting flange. In cases wher. the test specimen length was less than

that of the test section, annular steel spacers were used between the

relief-area orifice plate and the downstream face of the test specimen.

A four-mesh stainless steel retaining screen was placed on the downstream

side of the specimen.

To conserve materials, smaller-diameter test specimens were used for some

runs with the 10% relief area orifice. In these instances the 8-inch-

diameter specimens were installed in annular plywood spacers, stacked to

the length of the sample, with an eight-inch inside diameter. These

specimens were sealed in place as described above.

Typical test section buildups for large-and small-diameter arrester speci-

mens are shown in Figure 22.

Preparation of the Propane/Air Mixture -- The mixing chamber was purged by

opening the 160-psig dry air supply line. Valves V9 and V!O were then

closed (reference system schematic, Figure 16) and the tank was then

vented to ambient. This procedure was repeated three times.
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FOAM SAMPLE Sample Cemented to
nWals of Test Section

Zinc Chromate Putty )
(to Insure that Flame Relief Orifice
Doesn't Pas Around Plate
Sample) T l No. 4 Mesh Stainless

Ignition F Steel Retaining

Source 'Screen
Spacer Rings
(Number InstalledNote: Varied With Sample

Sample is placed in upstream end of test Thicknesll
section to maintain a fixed upstream
combustion volume.

QUARTZ FIBER SAMPLE

Relief OrificeZinc Chromate Putty Plate
(to Insure that Flame

Doesn't Pass Around No. 4 Mesh Stainless

sample) Steel Retaining Screen
(Both Sides of Sample)

Ignition
Source Layers of Quartz Fiber Material

UynSpace Rings

Note: (Number Installed
Sample is placed in upstream end of test ] Varied With Sample
section to maintain a fixed upstream Thicness)
combustion volume.

SMALL DIAMETER FOAM SAMPLE

Zinc Chromate Putty
(to Insure that Flame Relief Orifice
Doesn't Pass Around Plate

No. 4 Mesh Retaining Screen

Ignition Sample Cemented to
Source Inner Surface of Plywood

Annular Inserts

Plywood Spacer-Inserts Spacer Plates
(Number Installed Varied
With Sample Thickness)

- Sample Thickness)

Figure 22: Typical Arrester Installation in the Variable Geometry Apparatus
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Following the final purge, the propane-air mixture was prepared using the

partial pressure curves shown in Figure 10. As an example, to prepare a

4.7 volume percent mixture at 45 psig from a purged evacuated tank at

approximately 0.2 psia, a partial pressure of 2.8 psia of propane would be

introduced to the mixing tank through the propane supply valve, Valve VSI.

Opeing Valve Vli allowed this pressure to be monitored on a mercury

monometer. After closing Valves VSl and Vll the mixing tank was brought

up to 45 psig with the dry air supply valves, V9 and V10. The final tank

pressure was monitored with a O-t, 60- psig pressure gauge.

The mixing chamber contained a 4-inch-diameter speaker with orifice plate

used to mix the propane and air. For safety reasons, this speaker was

not operated until personnel had left the test ce'.l.

Instrumentation Setup -- Prior to each test run, and before sealingthe

flame tube was sealed by insertion of the incendiary ignitor assembly;

each of the three pressure transducers was set for zero and span. Identified

as PC, PR, and PB, they measure gauge pressure in the combustion chamber,

relief chamber, and mixture test bomb.

Incendiary Igniter Installation and Safety Checklist -- For all runs

involving incendiary ignition, prenaration of the device was accomplished

by a qualified ordnance technician. Installation of the device was

witnessed by the test engineer, and the checklist was completed and signed

by both. This checklist included such items as the resistance check of

the igniter, check for hazardous current and verification that the firing

plug is installed,and that all personnel are cleared from the test cell.

The Boeing Fire Department was notified prior to each ordnance firing.

For runs using spark ignition, a dummy igniter assembly was installed in

the flame tube.

Loading the Flame Tube and Mixture Bomb -- The flame tube and mixture test

bomb were simultaneously evacuated to -14.5 psig by turning on the flame

tube vacuum pump and opening Valves VS15 and VS7. The vacuum was monitored

either by the DVI readout of the pressure transducers or by opening Valves
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V12, V13, and V14 and monitoring the mercury manometers. Valve VS15 was

then closed and the vacuum pump turned off. With Valve VS7 still open,

the fuel-air mixture was introduced to the flame tube and mixture bomb by

opening Valves VS5 and VS6. The pressures in both the mixture bomb and flame

tube were then brought up to the desired initial pressure. All valves were

then closed.

Firing the lixture Bomb - The oscillograph, set for a paper speed of 16

inches per second, was turned on, and after approximately 1/2 second

the mixture bomb ignition switch was activated. The oscillograph was

then turned off. The maximum height of the mixture bomb pressure trace

was measured and the pressure rise calculated using the calibrated sensi-

tivity of 50 psi per inch. If the pressure rise was satisfactory, a satis-

factory mixture was assumed. A view of the control panel and oscillograph

is shown in Figure 23.

Firing the Flame Tube -- After the ordnance technician had signed the

checklist as "ready to fire," a 5-second countdown was conducted prior

to firing.

If high-speed photographs were required for the test run, the remotely-

controlled Photo-Sonic, 1000 frames per second camera with the aperture wide

open at f 2 was turned on at 3 seconds. Ektachrome Type 7141 film was used

and development was pushed one stop. The oscillograph, set for 16 inches per

second paper speed, was turned on 2 seconds before ignition.

,he ordnance technician fired the igniter at 0 seconds.

.ppro:-rinately 3 seconds after the firing, the oscillograph and camera

;c-e turned off. The oscillograph traces were then examined for indi-

-ition of proper firing. If the firing appeared satisfactory, both the

fl;=.e tube and mixture bomb were evacuated to -14.5 psig by turning on

The flame tube vacuum pump and opening Valves VS7 and VSl5. At the same

time the mixing tank pressure was relieved to air•bLent by opening the 50-

psig relief valve.
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Following the evacuation of the flame tube and mixture bomb, the vacuum )
pump was turned off and Valve VS15 closed. The flame tube and bomb were

brought back to ambient pressure with plant air through Valve VS8.

The ordnance technician and test engineer then entered the test cell,

removed the igniter assembly, and inspected it for evidence of proper

firing. The test cell was then declared "safe." The 60-amp fuses in the

firing circuit were replaced.

For runs requiring spark ignition, the firing of the flame tube was

accomplished by the test engineer. A similar countdown was conducted and

the same postfiring safety precautions were followed.

6.0 RESULTS AND DISCUSSION OF RESULTS

Tests were completed on all the materials and combination of materials

shown listed in Section 2.0. The major test variables were:

4 Arrester material

*0 Initial pressure

* Combustion Nolume VC 1.0, 1.5 and 2.0 ft3 (nominal)
"0 Relief to combustion volume ratio VR/VC of 5, 7 and 10 (nominal)

* Ignition Mode: incendiary igniter or spark

* Area of relief (10% or 53% of the cross sectional area)

For data correlation of volume relationships, see Table A-16.

Nll the test data is sequentially summarized in tabular form and included

as Table A-XV. A data collation of volume relationships is shown in

Table A-XVI.

The results are graphically represented in two ways: First, arrester thick-

ness required for flame arrest versus initial pressure. These data are

shown in Figures A-32 through A-50 for various relief areas and combustion

volumes. A summary listing is shown as Table I. Second, the actual relief-

to-combustion ratio (V R/V C) is plotted with all observed peak combustion

to inlLi.! dosolute pressure ratio (Pc/Pinitial. These data are shown in
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Figures A-51 through A-74 for various combustion volumes (Vc), relief areas

(AR) and initial pressures (P initial). The relief area as shown in all

the data is the surface area of the relief hole related as a percentage

of the crcss sectional area of the tube.

It was thought desirable to relate the relief area (allowing gases to

expand into the relief volume from the combustion volume) to some parameter

involving the combustion volume. It was decided to involve the total

combustion surface area.

DCT4KF f7 I C [ DR VR No te:

S4 DCTNK = 17.5 ins = Constant

Combustion surface area is given by S/A

S/A (ft 2 ) =4 x 144 DR2 + DCTNK 2 + (70 x XLC) + DCTNK2]
1!xDR 2

Relief area A i x RAR f 4 x 144

Relating A as a percentage of S/A is given by

R

AT%D2 x 00 2
17.52 + (70 x XLC) + 17.5 - DR

Calculating S/A and AR% for the test parameters involved in the variable

;eometry rest rig results in the following table.

RELIEF DIAMETER DR (in.)

Combus-
XLC tion Vol 5.5 in. (10%) 12.75 in. (53%)
(in.) (ft 3  S/A (ft 2) AT% S/A (ft 2  AT%

8.0 1.0 6.23 2.648 5.508 16.096

11.2 1.5 7.451 2.214 6.73 13.174

14.4 2.0 8.673 1.902 7.9518 11.1501
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The sonsitivity of arrester thickness required for arrest with respe:,t to

initial over-pressure and combustion volumes is of a surprisingly high slope

(Figure A-50). Overpressures as little as 1 psig require thicknesses in

excess of 10.0 inches to arrest an incendiary burn. Run 016 show that an

incendiary ignition with 10.0 inches of foam still allowed an ex ion to

occur within the relief volume; however, a delay of 3 to 4 second separated

the ignition event from the low-intensity fire observed at the re of

volume viewing port. All tests have resulted in a black stain ext.. ing a

considerable distance into the arrester, and in the majority of cisSL

blackening is observed on the relief side regardless of whether ignit,

within the relief volume had occurred. See Figures A-75 through A-97.

The times at which significant events occurred during each test conditio-

were recorded and tabulateu as shown in Table A-XVII.

This could indicate that ignited incendiary permeated the arrester propelled

by expanding gases. This blackening and/or staining of the arrester

material was most pronounced for the 1.0-cubic-foot combustion volumes,

and the small 10% relief area.

In all tests where burn-through occurred, the burning within the relief

volume simulates a spark ignition with respect to pressure rise time as

recorded on the traces, sarmples of which ar- shown in Figures 24 and 25.

Except for runs 61 through 75, inclusive, all tests were completed with the

material dry.

For the portion of tests wetted with JP5 or Jet A fuel it was noted that in

runs 65,66, and 67 the arrester material was badly damag.,' and had sustained

large holes that would have normally resulted in a secondary explosion

within the reiief volume.

It was postulated that hot gas resulting from combustion volume ignition

expanding through the arrester and orifice vaporized a portion of the

liquid fuel in which the arrester was soaked prior to test. Vaporization

contributed to local richening of the fuel/air relationsiip during the

explosion, resulting in a mixtur- downstream of the arrester too rich to burn.

Three tests -- 71, 72, and 73 -- were ronduoLed to resolve this problem
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and determine how lean the propane-air mixture should be to ensure that

after addition of fuel light ends, a maximum pressur.; explosive mixture

in the relief volume would result.

Test Conditions:

* 2.0 inches of 25-ppi Red Foam

* Wetted with Jet A

• Not glued in, held with 0.046 screen, 4 meshes per inch

SYSTEM SCHMTIC

Vc VR

SMixing V/ Tn

Chamber Mixing Bomban
J Bomb Bm

Data

Initial Mixing V/G Tank VC VR

Run Mixture Bomb Bomb Pressure Pressure

No. F/A % _(Psi) (psig) (psig) (psig)

071 3.0 77 73 5.25 21.5

072 3.5 88 85.5 5.75 38.5

073 4.0 96.5 94.5 11.75 No Burn-

through
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Data Plot

W 4
To

Lean
S3 To NOTE: Hot expanding gases

I Rich vaporize liquid fuel on
I the arrester and contribute

S• 2 to a lean mix of tank fuel/
' W air to produce a maximum-
> pressure burning mixture

S1 in the relief volume.

2 3 4

Mixing Chamber F/A Vol %

Tests conducted with the fuel-to-air ratio both rich and lean lend further

credibility to the proposed mechanism by which a flame is arrested by

reticulated polyurethane foam. This mechanism is in part attributed to

the burning and melting of the material producing gases that expand through

the arrester into the relief volume and contribute to local inerting.

Some data with lean fuel-to-air ratios, 3.5% by volume, showed that slight

backface burning of the arrester foam had taken place, indicating burn-

through, although the pressure trace data did not indicate an increase in

pressure.

Most tests with a rich mixture (6.5% by volume) badly damaged the arrester,

in some instances burning half the material completely through; yet

combustion within the relief vo'lume was not initiated. in all cases of

this kind the relief vollme viewing port was clouded with burnt material.

These data would indicate that the capability of a foam material to arrest

a flame front is not really a go-no-go situation. A probability exists,

depending on the amount of arrester material burned.

( Ignition Theory

A relief volume ignition theory is formulated from the test data

and observed ignition phenomena.
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Event Description
)

1-2: With the ignition switch on, power is supplied to the igniter incen-

diary powder. Heat and pressure are built up within the igniter until the

0.046-inch thick (average) plexiglass burst disc is ruptured, allowing the

incendiary charge to expand into the combustion chamber. /

2-3: The incendiary plume immediately causes a fluctuation and pressure

increase in the combustion chamber pressure. This pressure increases

rapidly to i maximum dependent only on the relief area and pressure drop

through the arrester material. At the same instant a pressure rise is

effected within the relief volume, depending upon the relief area. If

the relief volume was very small VR/VC < 0.2 then this too would influence

the pressure rise.

3-4: Upon reaching maximum pressure in the combustion volume, a pressure

decrease ensues. At the same time, pressure continues to increase within

the relief volume; this process continues, Pc decreasing and PR increasing

until pressure is equalized. The time at which this occurs depends upon

the relief volume and pressure drop through the orifice and arrester

material.

Ignition Phenomena (Incendiary Igniter)

2-3: The incendiary plume expands into the fuel-air mixture (optimized

for maximum overpressure 4.7% by volume). Ignition of the gases is

Immediate, and complete combustion and expansion is within 5 to 10 milli-

seconds. Hot unburnt and burnt gases are expanded through the relief

orifice and arrester material into the relief volume. However, the expan-

sion is so rapid that pressure rises on both sides of the relief area and

arrester. The pressure drop across the orifice and arrester increases as

burning in the combustion chamber continues until all combustible gases in

the combustion chamber are reacted (see Figure A).
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Arrester
Igniter Orifice

Vc j VF VR

Comhuf tion

Relief
Volume

TYPICAL PRESSURE TRACE

i 2 3 4
Fig. A

3-4: Pressure decay begins and continues until equilibritm, with essen-

tially no more burning in either chamber (burning is defined here as that

resulting in a pressure increase).

However, as shown in Figure B, during the time between events 2 and 3 a

pressure drop is maintained across the arrester, driving a cone of hot gases,

burnt or unburnt, from the combustion chamber into the relief chamber.
Postulating that the active life of an IM-I incendiary particle is less than

10 milliseconds, before event 4, all particles should have reduced their

individual energy levels to zero and therefore do not contribute further.

It is presumed that their energy was expended in scorching the arrester face.

(
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I

I I )

C&4U

2 3 4
Fig. B.

The mechanization by which ignition occurs in the relief volume is baffling,

to say the least. Three possibilities are immediately apparent; their work-

ing hypotheses are:

1) The cone of hot gases expanding into the relief volume retains

sufficient heat energy to initiate a reaction. The cone of

high velocity hot gases expanding into a relatively quiescent

combustible mixture will produce vortices that encourage mixing

and energy interchange.

""

'Further, it could be this jet of hot gases passing through the

foam that produces the blackening of the arrester material
chracteristic of all tests conducte.

2) In all tests cohlnted, iitcon in the relief volume was

preceed by the eets of condition 4 resulting in the pressure

drop reducing to zero. It is assumed that at this condition a

flame or flae frm t exists that is attempting to eno and

normally. Tis requires an order of .itude increase
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I time to propagate when compared to an incendiary ignition.

This slow burning process is still taking place in the combustion

chamber in the small amount of combustible gases remaining when

pressure equilibrium occurs at event 4. Possibly, combu~iYble

gases could permeate the arrester In a reverse flow and begin

feeding the feeble flame front remaining in the combustion

chamber. This slow-moving flame could now pass through the

arrester, accelerating, as burned gas again produces a slight

positive pressure drop, driving the slow-moving flame through

and into the relief volume where normal burning and associated

pressure increases occur similar to spark ignition.

3) Pressure rises in the combustion volume in approximately 10

4'milliseconds average for the runs completed, and leaves no time

for normal burning to initiate and propagate. This immediate

expansion is accredited to the normal expansion of the gases

created by incendiary particles and subsequent burning and

rapid temperature increase of the reaction within the expanding

( incendiary flame. The immediate expansion creates a pressure

drop across the foam. The ensuing gas velocity, created by

( the expanding hot gases endeavoring to establish equilibrium,

could transport burning incendiary particles through the arrester

4'with sufficient momentum for them to penetrate. Sufficient

"energy could be retained by the particles to initiate a reaction

( on the relief side. It is noted that this burning within the

relief volume simulates a spark ignition with respect to pres-

( sure rise time as recorded on the pressure traces.

Movies of previous studies within Boping regarding the life of

1 varix:is incendiary mixtures indicate that the IM-II incendiary

mix reacts and dies very quickly: < 10 milliseconds. This is a

shorter tii:e period than the average time to pressure equali-

zation.
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Bomb Sample Data

The fuel/air ratio that resulted in a maximum over-pressure was determined by

test. The bomb sample dimensions and a typical pressure rise data trace are

shown in Figure 26. These data are shown in Table II and are graphically

represented in Figures 27 and 28.

Some tests with the 50% orifice and the arrester wetted with JP5, the pressure

drop across the arrester dislodged arrester samples from their mounted

position and fcrced them through the orifice into the ýelief volume. On each

occasion the foam prior to wetting was securely glued in position. The glue

being applied on the outer edge and on the orifice contact surface. On each

occasion arrester material was left glued to the surfaces, indicating that

the ultimate tensile strength of the material was exceeded and that tearing

occurred.

During some tests with the quartz fiber screening material supported in the

tube with a four-mesh screen, the combustion process was accompanied with a

loud report. On one run the supporting screen was badly damaged (Figure A-97).

Pressure rise data show that peak pressure is reached within the 2.0-cubic-

foot volume in approximately 8 to 10 milliseconds. Assuming that the "flame

front" travels the 14.4-inch length of the combustion chamber within this

time, then the speed of travel (average), assuming planar propagation, is

given as

Flame speed 14.4 in. - 150 ft/sec12 in./ft x 0.008 sec

The speed of sound in the unburned mixture is calculated from

C Ty g R T y - ratio of specific heats

g = 32.2 ft lb (F)/lb (m) sec2

R - gas constant

T -gos temperature OR
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Dimension of 18" Variable Geometry Bomb Sampler

SPC" 102.5 PSIG

F/A % (Vol) -4.5%

C)

o P 0 PSIG 16 lnJSec

86 m.secs

Figure 25: Typical Pressure Versus Time Trace for 12" x 8" Diameter Bomb
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Figure 28: Bomb Sampler Pressure Ratio & F/A Ratio Versus Time Data
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It is assumed that for a propane-air mixture

y - 1.37, R = 1545.43 - 53.3 ft lb (m)/lb (F) 0R

29

T = 5200 R

C = 41.37 x 32.2 x 53.3 x 520

= ,�118 ft/sec

The observed flame speed (average) during an explosion in the 2.0-cubic-foot

volume as calculated above, is shown to be an order of magnitude less than

that causing detonation and consequently the loud report associated with

Runs 118 and 122 is unexplained.

It is possible that repeated use of the four-mesh stainless steel supporting

screens resulted in fatiguing the welds and that fracture occurred.

7.0 CONCLUSIONS AND RECOMMENDATIONS

It appears that the incendiary ignition (within the 1-cubic-foot combustion

volume) ove'whelms the combustible gases with regard to the rate of expansion

of the explosive plume. Pressure rises in the combustion volume in approxi-

mately 6 to 8 milliseconds average, and leaves no time for normal burning

to initiate and propagate. This immediate expansion is credited to the

normal expansion of the gases created by incendiary particles and subsequent

burning and rapid temperature increase of the reaction within the expandin-

incendiary flame.

The combustion chamber subjected to burning incendiary material is blackened,

but incurs none of the severa foam melting and Uutiing that has been exper-

ienced on the relief volume side. It has been observed that the front face

burning is more severe when an arrest occurs than when the relief volume

ignites indicating a burn-through. It is noted from the data that the extent

of rei!ef volume burning is influenced by the thickness of the foam and the

relief area; this burning penetrates into the foam as much as 3 to 4 inches

with a 15-inch-diameter burn.

85



I

Witt, respect to the hypotheses on ignition phenomena iormulated from the

test results, the following is concluded:

Hypothesis 1 -- Ignition by hot gases is the easiest to explain if the

expanding gases reach a sufficiently high temperature. However, some long

delays experienced prier to secondary i.gnition defy thla hypothesis. Delays

of from 1/2 to 4 seconds separate the events of event 4 and the occurence

of relief voluui. qecondary ignition.

A correlation of the volume and temperature of hot gases expanded into the

relief volume would help determine the minimum energy required to be trans-

ported to cause ignition by this mechanism. However, temperature was not a

recorded parameter during the program.

Hypothesis 2 - This hypothesis is presently compatible with all the data,

except in cases where the arrester has a low pressure drop; event

4 is immediately followed by the secondary relief volume ignition, possibly

indicating that a reverse flow of combustible gas is not required.

Hypothesis 3 - All tests to date have resulted in a black stain's extending

a considerable distance into the foam and in the majority of cases blackened

foam is observed in the relief side, regardless of whether there was ignition

in the relief volume. This could indicate that ignition in the incendiary

permeated the foam propelled by expanding gases, and in a large number of

cases could have retained sufficient energy to ignite the combustible gas in

the relief volume.

It has been generally noted that arrests have occurred with the foam and felt

materials where pesttest examination revealed that large holes had been burnt

through. This suggests that in the case of combustible arresters, the burning

of material cc-ntributes to locally inert the relief volume; consequently,

it is probable that given another type of geometry, secondary relief side

ignition (burn-through) could have resulted.
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Fire trying to propagate through the arrester is possibly being extinguished

due to high-velocity passage through the arrester. As pressure equilibrium

is approached, the rapid expansion of the fire or flame front is reduced

and allows the final slow-moving flame to pass through the arrester. Again,

passage produces blackening of the arrester material, although melting or

severe damage to the front face occurred only on a few occasions. Whenever

there was a burn-through, the pressure rise time has been that attributed to

normal spark ignition. The arrester material was damaged on the relief face,

usually burning and melting the material to a depth of one to two inches.

The depth and extent of damaze appears to be related to the thickness of the

arrester used. The pressure traces, however, di. not always show a pressure

lag between Pc or PR, which would indicate a pressure drcp through the arrester;

it is as though combustion is initiated simnltaneously on both sides of the

arrester.

The tests completed during runs 61 through 75 with the material wet, show

that a change in the fuel/air ratio in the relief volume occurs during the

explosion. Hot gases expanding through the arrester material vaporize a

portion of the fuel, these fuel light ends tihen contribute to a local richen-

ing of the fuel/air ratio in the relief volume.

The test data allow the following conclusions to be determined.

1) The thickness of arrester material required increases with

increasing initial pressure.

2) It has been shown that the thickness of arrester material required

to arrest a propagating flame front decreased as combustion volume

was increased from 1.0 cubic foot to 2.0 cubic feet.

3) Reducing the relief area requires an increase in 25 ppi arrester

material to arrest a propagating flame front.

( 4) Reducing the relief area, in all tests, corresponded with increases

in the final combustion volume overpressure.

(
Unless stipulated otherwise in the tabul'ted or graphical data, all tests were

completed with the arrester material dry.

(
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From the test data obtained during tests within the variable geometry test

apparatus, the following materials have been selected for further investiga-

tion during the Mode I1 purtion of this task:

25-ppi Reticulated Polyurethane Foam

3M Scotch Brite

GAP Polyester Fiber, Type 2A

25-ppi Foam and 016 Stainless Steel Screen, 20 Mesh

25-ppi Foam and Astroquartz, Type 594

The 240 Volt A.C. power supply utilized for activation of the incendiary

igniter required the replacement of the 60 ampere fuze after each test.

This electrical configuration allowed successful igniter firing each

time, and will be used for the remaining Task 1, Task 11 and Task 111

tests. It was considered more cost effective to replace the fuze after

each test than to repeat the test due to an igniter fizzle, and/or failure

to operate.

)
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SECTION VI

TASK I MODE II TEST PROGRAM

1.0 MATERIAL DESCRIPTION

Resulting from Mode IB variable geometry tests, the following materials

were considered for continuing evaluation during Mode II screening tests.

These tests were completed in the fuselage test apparatus, in a lined wall

voiding configuration.

0 25-ppi Foam (Red)

* 3M Felt

* CAF Felt, Type 2A

0 25-ppi Foam and 016 Stainless Steel Screen, 20 Mesh

0 25-ppi Foam and 10 Layers of Quartz Fiber, Type 594

2.0 TEST CONFIGURATION

The geometry of fuselage tank assembly is shown here: Dimensions are in inches.

( Fuselage Tank

24 30.

(15.

( 15.

(
Bullet Trajectory
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All tests were conducted with a lined wall configuration. The percent voiding

was achieved by varying the arrester thickness glued to the inside of the

tankage.

Lined Wall
Note: X a Arretw Thickns

Variations of percent void with arrester thickness are calculated as follows:

V Total - VT a 30 x 30 x 24 " 21,600 in 2

V Combustion - VC - (30 - 2X) (30 - 2X) (24 - 2X)

V Relief V - VT-VC

Percent Void (Penalty) - VC/VT x 100

V /VT (Penalty) - (21600 - 4680X + 336X2 - 8X3) x 100

C -T 4680X - 336X2 + 8X3

21600 - 4680X + 336X2 
- ax83

Variations of percent void and VR/VC for changes in azrester thickness X

are shown in Figure 29.

A schematic of the test apparatus is shown in Figure 30 and a photograph of

the overall test installation is included as Figure 31.

3.0 INSTRUMENTATION

Table III is a listing of all pertinent instrumentation used in obtaining

test data.
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10_ Fuselage Tankage 10

I I
KLL

80 Vc 30 8

70 7 7

(6

VR/VC

~50> /

40 -4

( Pennlty Percent Void

(20 2

0 0
0 2 4 6 8 10 12 14

Arester Thicknes (Inches)

- Figure 29: Variations of Percent Void and VR/VC with Arrester Thickness (Lined Wali)
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( 4.0 IGNITION SYSTEMS

( The two ignition systems for this phase of the Task I program were identical

to those used for the earlier Mode IB program: high-energy spark and incen-

( diary igniter.

( 5.0 TEST PROCEDURE

The test procedure for all tankage configurations was identical. The void

configuration was fabricated and installed in the tankage. The arrester

material was wetted with JP5 fuel, thus: fuel was pumpel from the storage

( tank into the test tank (using a small centrifugal type pump) until full.

The fuel was then pumped out of the test tank and back into storage. The

dummy igniter used to seal the tank during filling was removed and all residual

fuel allowed to drain.(
The AFAPL-SFH incendiary igniter was loaded with powder and the resistance

( checked to approximately 0.2 ohms. After about 3 to 4 minutes the test

igniter was installed, sealing the tank.

The test tankage and all three bomb samplers were evacuated to approximately

0.4 psia with an oil seal mechanical vacuum pump. A premixed, pressurized

( propane-air mixture was introduced into the test tank which was filled to a

posit'.ve pressure approximately 1.0 to 1.5 psig above that required for the

( test. Valves were then opened allowing samples to be withdrawn from three

locations into three bomb samplers and the pressure in the complete manifolded

( system reduced to that required for the test condition. Each bomb sample was

then isolated with appropriate valving and ignited with the spark assembly.

The pressure time data were recorded prior to each test run. If the pressure

was considered adequate for the fuel mixture introduced, the test tankage

was ignited and its pressure time history recorded.(
For all tests the ignition of the test tankage followed that of the bomb

( samples by not more than 45 seconds on each test run. Sufficient data

were taken to allow a curve of pressure rise versus percentage void to be

"plotted.
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6.0 RESULTS AND DISCUSSION OF RESULTS

Tests within the fuselage configuration with a lined wall voiding concept

using 25-ppi reticulated polyurethane foam, wet with JP5 or dry, indicated a

higher pressure rise for a spark-initiated explosion than for one initiated

with'the incendiary igniter. Also, for the fuselage tank voided,top-wall

configuration, tested in TASK II the explosions initiated with a .50 caliber

API shot through 1/4-inch aluminum plate at a muzzle velocity of approximately

2,300 feet per second,the resulting pressure rise was lower than those

produced by the incendiary igniter.

The fuselage tank test data are summarized in Table A-XVIII. Data traces

are included for reference as Figures A-98 through A-109. The difference in

pressure rise time within a 39% voided lined wall configuration is shown in

Figure A-1Ol. The rise times are 17 milliseconds for the incendiary igniter

and 130 milliseconds fo, a spark ignition.

The lined wall fuselage tankage data plots relating the percent void with

absolute overpressure ratio are shown in Figures 32 through 38. Superimposed

on each plot is the dynamic mathematical model prediction. It is noted that

this model is conservative in that the pressure ratio predictions are generally

higher than those obtained from test. This is due in part to the present

inability of the model to change the inputted pressure drop K factor as

arrester thicknesses and percent void within the fuselage tank are changed.

This program change could be easily achieved at a later date. The predicted

pressure ratio plotted, results from a pressure drop K factor of 60 (approxi-

mately equal to 5.0 inches of 25-ppi foam) being used and this K factor

remaining constant for all percent void variations. )

he variation in absolute overpressure with different ignition sources is

sh J..a in Figures 32 and 33. Large variations in overpressure with the arrester

..iaterial dry or wetted with JP5 are shown to exist.

A comparison of overpressures nbtained with various arrester materials is

shown in Figures 34, 35, and 36. The effect of varying the fuel air ratio )
on tank overpressure for three different materials is shown in Figures 37

and 38. 9
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25 PP' FC.3m (Dry)

I ,,, I aIncrliary

50 - t Theoretical
I - - Dynamic Model

4 o; +- , __ , ; 2 71
.-_--- .- ... _.-.--4 .. ... . - -• _ 2 .. L.... . L _ _ .

!30. -. . /, .. :

i • / :

1.0 1.5 2.0

( Pressure Rat'io Pc'/PInitial

f ~3•.4 Scotch Blrite (Dry)
1---- ------- '- - -- ., - ~ --- -- -

Incendiary , . : i ,•
I I ft l ! Theoretical

50 - - ' Dn--ti ode

I __ I - __ _ _ _ _

I-. / I

> _ _

I 1 i II -ke

1.0 1.5 2.0

Pressure Ratio PCPlnitial

( Figure 34: Fu.welag Tank (Lined Wa/I) Material Screening Tests (I)
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)
GAF Felt (Type 2A) (Dry)

Incencdiary -'
50•: Theoretical

t / •' :Dynamic Model

40 22 -

U /

o 30 -

/

1.0 1.5 2.0

Pressure Ratio Pc/Plnitial

25 PPI with 2 Layers of 20 Mesh .016 Stainless Steel Screen (Dry)

Incendiary I -
50 -Theoretical50 - Dynamic Model

SI -r-

> 40 2

>)

SI
30

/;

1.0 1.5 2.0

Pressure Ratio PC/Plnitial

Figure 35: Fuselage Tank (Lined Wall) Material Screening Tests (II)

100



(

(

25 PPI With Quartz Fiber (10 Layers)

Incerdiary

5 -0 Dry

0 wet

.,- ,. • 3//s
, r - Thsoreticj

-~ - - - - -Dyrlamic Model

40 I 30I* -

30

*- -.----. -4- .-- . --2 ,," -. -- - - - -

3 0 . .. .- . . .. . . .. ...- - --... .I

('- - -' . . ..7 - " -' ... 1 . . . . - . . ... .. . .. .

1.0 1.5 2.0

Pressure Ratio P C/Pintial

Figure 36: Fumlage Tank (Lined Wall) Material Screening Tests (ill)

(
1.01



-%

NN-

001 t XAI3A IAJOOd PIOA

S

I e:

_ _ _ .2 (.

wt\ X'A lu*O I jA

10



3M Scotch arite
imcwtidiary

50 3.5%
3.5% ,

/4.7•/

40 A' / 34,
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Figure 38: Fuselage Tank (Lined Wall) Wet vWth JP5 Variations in Fuel/Air Ratio (/I)
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Typical bomb sample data for a 33% voided lined wall, with the arrester material

(25-ppi foam) wet and partially wetted with JP5 is shown in Figure 39.

Variations of bomb sample overpressure with fuel-to-air ratio and the over-

pressures obtained in the fuselage tankage containing different materials

are shown in Figures 40 and 41. The tankage overpressures obtained in a

39% voided lined wall configuration with different fuel-to-air ratios are

compared in Figure 42 for three different materials.

The data shown graphically in Figures 40 and 41 are for information only.

They indicate that the bomb sampler location and installed material influ-

enced, to a slight degree, the sampler overpressures obtained. This over-

pressure is of course influenced by the fuel/air ratio of the sample

withdrawn. It is possible that fuel droplets as well as C3 H8 vapor were

pulled through the sample line. The extent of droplet contamination is

determined by the fuel retention properties of the arrester material.

Subsequent droplet vaporization and possible water condensation in the line

and sampler would influence the pressure rise data.

The overpressures obtained within the fuselage tank shown in Figure 42

indicate that, for this void configuration, the 25 PPI foam and astroquartz

combination resulted in a lower overpressure than the other materials. It

is interesting to note that overpressure increase is directly related to

an increase in K factor when determined for a low Reynolds number, reference

Figure 13.

A sumnmary of all data obtained during tests of a lined wall configuration )
:re shown in Figure 43, where the absolute overpressure ratio is related to

..e ratio of relief and combustion volume. )

The pressure rise and rise time in a voided container has been shown to vary

a- the volume of explosive mixture reacted.

This phenomenon was not as nuticeable in the variable geometry tests, partly

because of the smaller combustion volume variations but mostly because of the

small volume of arrester material used and the comparatively smaller relief

area allowing pressure communication.
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FigDw 39: Typical Bomb Sample Data
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Figure 42: Variation of Fuslage Tank Overprezure for Different flaterialsat Varnous Fuel-to-Air Ratios

For those tests undertaken with the material wet, the lower pressures obtained
could be attributed to C3 H going into solution, and so weakening the fuel-air

ratio.

The lower pressures that occurred with the igniter can be attributed to a

reduction in available explosive mixture. This reduced amount of available

explosive C3 H 8- air mixture is attributed to two phenomena during an

explosion initiated by incendiary mixture: )

) C3 H 8-air mixture's being pushed into the foam )
") C3 H -air mixture's being diluted with product of incendiary mixture

combustion

1ihe following has been extracted from Reference 10 T.O. 1IA-1-34 Military

Explosives in an attempt to explain observed phenomena. )

The incendiary composition of IM-11 is considered as intermediate between

thermite compositions, which produce no gases, and tracer compositions, which do.
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IH-1I composition:

50/50 magnesium/aluminum 48%

Barium nitrate 50.5%

Asphaltum 1.5%

The incendiary compositions are purposely not oxygen-balanced and are provided

an excess of metal particles, most of which burn to their oxides in the air

after expulsion from the projectile. Essentially, the only gas produced for

the oxidizer-fuel types of incendiary compositions is nitrogen.

It is further noted that all incendiary reaction temperatures are above 5,400*F

and that the reaction mixture is oxygen deficient. If this is true then

continued burning of the incendiary particles will locally enrich the explo-I
sive mixture by using available oxygen in extending the life of the ignition

source. This has been previously noted to be approximately 8 to 10 milli-

seconds for IM-ll.

The overoressure design criterion of 10 psig pressure rise results in the

following relationship of initial pressure and final absolute pressure

ratio:

r PSIG Pc/Pinitil

0 1.68
2 1.6
4 1.534
5 1.5

-h! data summary table shown in Figure 44 indicates that the materials giving

the lowest pressure in a lined wall configuration are 3M material, 25-ppi and

quartz fiber (10 layers), and 25-ppi and stainless steel screen.

In conjunction with the results of all Mode 1A and Mode lB tests the above

materials and variations of material association will be used for all Task

III testing.
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Figure 44: Fuselage Tank Data Summary Mode II Test

S ( NOTE:

The penalty void shown is based upon 10 psig overpressure.

(
- 7.0 CONCLUSIONS AND RECOMMENDATIONS

The initial pressure rise experienced when the incendiary round is fired

(as indicated on all the pressure traces and shown dramatically during run

No. 10, when the igniter was fired into a voided tank containing air only)

( is responsible for driving a certain percentage of the available gas into the

arrester and diluting the C3H8 explosive mixture with inertant (N2) such as

( to change the mixture ratio.
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An explosive mixture of C3H8 is pushed into the arrester material during an )
explosion. The mathematical model data shown in Figure 45 indicate that,

for a particular unvented void configuration, the overpreseure is related

to the amount of explosive mixture reacted.

The test data has shown that within an unvented tankage a spark initiated

explosion resulted in a higher pressure rise than that achieved with an

incendiary igniter. The rise time for the spark is shown in Figure A-99

to be U175 msec and Figure A-100 shows the rise time for the incendiary

to be 10 to 40 msecs. It is apparent from these data that the ignition

source influences the volume of explosive mixture reacted.

The incendiary burn pressure rise, as well as the forcing of unreacted gas into

the foam, reduces the available volume of C3 H 8-air mixture by replacing a

certain percentage with products of its own combustion. It is this change

that is the major cause of a lower final pressure in any particular voiding

configuration.

A large difference in final absolute overpressure ratio is observed when an

incendiary or spark is used to initiate an explosion in a lined wall concept

with the arrester material dry or wetted with JP5 fuel. The tests with a dry

arrester resulted in a higher pressure rise.

11)
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SECTION VII

MATERIAL PROPERTY DETERMINAT'ION

The critical properties of the most promising materials with regards to aircraft

installation penalties have been determined per MIL-B-83054. These properties

are as follows:

Density Paragraph 4-7-2

Displacement Paragraph 4-7-8

DRetention Paragraph 4-7-9

The test fluid was MIL-T-5624 grade JP5 fuel. The specific gravity of this

fluid at 60/60 was determined by test to be 0.8105.

The measurement of weight on the smaller samples was taken on a Mettler PIGON

(Scientific Products Inc.). For the larger samples required by the specifica-

tion the weights were recorded on a Harvard Trip Balance manufactured by

Ohaus Scale Corp., Union, N. J.

The results are shown in Tables IV and V.

I' (
The volume displaced shown tabulated in Table IV was determined from the

( following equation:

p Volume displaced Z = ( (increase) x 100(Original volume (IL)

The density tabulated in Table V, Column (1), was determined from the following

equation:

D y 3 Weight (gms) x 0.002205 (lb/Zm)
Density lb/ft . o~e f 3

Vol-;me (ft-3)

The retention percent tabulated in Table V, Column (2), was determined from

the rollowing equation:

R Weight (wet-dry) (g-m) x 100 x 1 cm /gm
%,-,-;ume (in3) x 16.39 (cm 3 /in 3 ) x specific gravity

113



7

i/

rable IV: Displacement Data

Original Final Vol
klaterial Level Level AM L Displaced

M L M L

25 PPI (R-d) 900 T*8 18 2%

15 PPI (Yellow) 900 920 20 2.22%

'0 PPI (Orange) 900 922 23 2.55%

3 N; (Std) 111.) 900 930 30 3.33%

3 r.M (Std) (2) 900 910 30 3.33%

GAF (Std) 900 927 27 3.0%

GAF (2A) 900 922 22 2.44%

Milliliters
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Table V: Density and fletention Data JP5

Vt;ol 3
e-9"I -gM, :MA v Lb Ft3 Rotent.0"

Mati, ,,p3, Ft3 D-i b Dv PWCFtt
25 PP: , z J,, 6-,6-S 180 .10,41 67.99 209.88 1. 44 4.44 5.93
25 PP lRedl 7.77 354 .199 129 404 1.43 4.49 5.84

7,707 354 .199 1 129 382 1.43 4.25 5.36
15 PPI lytleo' !: 6:65b 180 1041 69 11 128.M5 1,46 2.73 2.502

I'6 5 1 2'0 .1215 79.86 '32 73 1.45 2.409 1.859
10 PPI O,angqet 6%6x5 180 1041 90.7.. 204.14 1.92 4.32 4.74

6xb.5 188 104' 89.44 166.37 1.893 4.009 3.157
3M (Std, 6%6.4 • I-1 099 12' .76 228.75 2.71 5.095 4,709

6%6-2-7b 103S 0599Q 74 7' 14905 2.75 5.48' 5.4
GA• ,Srl 6.6:5. 198 A146 '01 21 204,25 194 3.93 3.91

6-6 3. 117 06" 54 73 124 18 1.78 4.04r% 4468
GAt C2Ai 6.6, 252 .1458 13990 760.01 2..1 3.93 3.587

6,6,3 12t 0"3 '1 60 34.08 2 16 4.05 3.73
CA& ;SA 6.6, .6 234 '3S "'4.5? 34.45 1.87 3.83 3.856

i :6'3 , 117 06 ' 7 58.0)4 40 44 1.89 4.514 5.30

GAF: 18A, 6 . 198 .146 93.39 183.21 ,797 3.525 3.414
6-6,-2 99 .05" 46 14 05.05 1.795 3.677 3 -Is,

,* 20 -016,ef, p4. D.-• .032. .509 D0294 30.936 32.6 232.02 244.5 24.60

,. 35 Mrsn .011 S•'e- 4 .,o . 22 .35 000202 2 635 25.91 236 16 282.83 91 94( * ,,' ,ad, 10 -,, .01 5,,.04 1.0 000579 10.25 16.29 39035 62.037 45.463 Layt"s i

**Z),: F 10- "94 4%4. 0'5 1 .0694 932 20.16 29.61'S 6405 68.00
10 Lav_ _s I I

XP 76E11 6.6x2 72 ,04"66 3604 1"163 1.907 5.910 a .903

NOTE:

The density and percent retention appear prohibitive. However, the

materials were being considered for application within highly voided

configurations and should not be discarded on the basis of their

properties as shown.
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SECTION VIII

ANALYSIS

1.0 GENERAL OVERPRESSURE DERIVATION

Calculation of Overpressure Ratio K for a Stoichiometric Prupane Air Mixture

Propane (C 3 H8 ) and air mixture

Burning C3  - 3(C + 02) - X 3C + 302 - 3CO2

H 8 -4(H202/ ) H 42 + 202 2 4H20

It can be shown thai N - 3.76 02 by weight

C3 " 8 + 502 + (5 x 3.76) N2 -• 3C0 2 + 4H120 + (5 x 3.76) N2

Molecular weights of the gases involved

C - 12

H a 2

02 = 32

N2 a 28

Air-to-fuel ratio a (5 x 32) + (5 x 28 x 3.76) =156/1 (By Weight)

(3 x 12) + 4 x 2

Further F/A (Vol %) - + fuel x 100 1 Vf u
V fuel +V air 1+V air/V fuel

(
P F VF aWRTF -(1.) RO/MF. TF (lA)

PAVA - WRTA (15.6) RO/MA. TA (1B)

( for equilibrium PA - PF and TF TA combining 1A and lB.

SVair/Vfuel - 15.6 MF/MA (2)
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)

Substituting Equation (2) in (1). )

F/A Vol 2 1 - 4.05%
+ 15.6 x 44" 28.97

The assumptions of simple heating will be adhered to, so that no notice will

be given the changes in chemical composition, molecular weight, and specific

heat.

From Reference 10 the stagnation-temperature rise across the propagating flame

front is given as

TO0 - T - AT - 6H MF

where AH - is the heat of reaction of the fuel in BTU/Lb.

CP is the heat capacity of the fuel/air mixture at constant

pressure BTU/Lb*F

as3UMing no external energy added, the total mass of combustible stoichiometric

mixture 1 pound of fuel plus 15.6 pounds of air.

Total pounds burnt - 16.6

The heat of reaction for propane is given as 19,930 Btu/lb (Reference 11)

and the average specific heat during the process is assumed to be 0.32 Btu/lb*F

19,930
,herefore AT - 16.6 x0.32 a 3,750'R

and consequently,

T°2 p_/Pl 4'270 8.22 )
0T1
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2.0 STEADY STATE HATHEMATICAL MODEL

Calculation of Overpressure, with Variations of the Relief Volume - This

simple mathematical model configuration is essentially a two-cell model,

whicH assumes immediate and complete pressure comnunication, while arresting the

fire and/or flame front.

Burning all the combustible mixture in the combustion volume VC imediately

and expanding only burnt gases into VR will result in the maximum allowable

overpressure, assuming no restriction in the expansion of the gases in VR.

Final pressure in VC assuming no expansion into VR

P2 = P K P = initial pressure PSIA

K T T2/T - 8.22 (See Section 1.0 for derivation)

pressure rise P -P 1 - P 1K-P 1 - P (K-l)

Assuming an isothermal process PV = const. and assuming static equilibrium

conditions, the maximum total tank pressure is correlated as follows:

P2Vc + PIVR = PcVT where VT = VC + VR

substituting P2 - P K

P P1(K VC +VR) PCVT

PC/Pz = VC/VT (K + V R/V c) maximum overpressure (1)

However, in practice the expanding gases push some of the unreacted gases

through the foam into the relief volume. Consequently, not all of the combus-

tion volume energy is converted to pressure energy by the burning process.

119



)
The following model was developed in Reference 2. An isothermal process )
allows the gas to expand unrestricted from VC into VR and assumes no

pressure loss through the arrester.

I ~X

II.- VC-Oft
Equating conditions at the beginning and end of the reaction, V is the

volume of VC that combusts.

K P Vx a P V, (1A)
1X C V

at condition I (flame front as shown)

K P1V + P1 (Vc - VX) + PIVR 0 P2VT (1B)

at condition 2 flame front expands to the foam face.

PcVc + PcVR a P2VT (lC)

equating Equations (iB) and (lC)

K PIVx- PIV + PICV ÷ PIVR C PCVC + PCVR

Substituting Equation (IA) to eliminate Vx

)P iX - CdC into the above

PC VC - PcVC/K + PIVC + P1VR P CVC + PCV R

PI (V + VR) P PC (VC/K + VR)

rearranging

VC + VR VTK
Vc/K+VR VTK-VC (K-i)
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( K(VR/VC + 1)

finally p /P1 I minimum overpressure (2)
C KVR /VC + 1

The calculated absolute pressure ratio for maximum and minimum overpressures as

calculated from Equations (1) and (2) are related to volume ratio and percent

void as shown in Figures 45 and 46.

3.0 DYNAMIC MATHEMATICAL MODEL

3.1 Transient Analysis

A transient analysis was formulated for a tank that is being pressurized by

the products of combustion of a flazmable mixture, while allowing pressure

communication through an orifice into a relief volume.

Two models were formulated for a spark and incendiary activated burn. Both

models are identical except for the definition of flame propagation.(
The pressure response within the tank can be characterized by a burning phase

( followed by an emptying phase. The burning phase lasts until all the vapor

has been burned and the flame has traversed the combustion volume. At completion

( of the burning phase, the internal pressure within the combustion volume

has reached its peak value; the pressure then decays during the emptying

phase as burnt gases relieve through the aperture into the relief volume,

whose pressure increases until pressure equilibrium is reached.

( The model is illustrated in Figure A, showing tank conditions shortly after

ignition. On one side of the flame front, unburnt gas is present: Put VU,

TU, Mu. On the other side, combustion is complete and products are formed:

PB' VB, TB' MB"(
Since the study involves normal explosions and the flame velocity is small

(compared to the velocity of sound, the following conditions and/or assumptions

are posculated.
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i) The pressure field sets up rapidly in unconstricted volumes, thus

PB(t) " PU(t) -- P(t)

2) There is a pressure drop across the arrester material and orifice

equal to AP, thus

p R(t) - P(t) - Ar(t)

NOTE: AP(t) is a function of mass flowrate.

3) There is isentropic compression of the unburned gas and the relief

volume gases as pressure increases during burning.

4) Total and static qualities are equivalent.

Figure A MODEL SCHEMATIC

BURNED VOL JNBURNE RELIEF VOLUME
VOL.

( B (t) PU(t) . R (t)

vB (t) Vu(t) - (t) VR (t)

TB (t) Tu(t) orifice T (t)

MB (t) Mm) MR (t)

ZArrester Material Vf

Flame Front

.1.1 Burning Phase

-,IRL ibsion Volume

r The rate of mass depletion in the combustion volume is given by

d t .- i (1 )
dr
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II

where 14(t) = MB(t) + MUt)

( PB(t) VB (t) PM(t) Vu(t)
RB TBt + LR U

( Since PB(t) - Pu(t) - P(t) (3)

and Vu(t) = VT - VB(t) (4)

where VT = burned volume + unburned volume = combustion volume.

Substituting Equations (3) and (4) into (2), then:

M~)-P~t) V B~t) P(t>- IvT - V B t>P(t) V t
RB TB(t) RU Tu(t)

expanding

P(t) VB(t) P(t) VT P(t) VB(t)
M(t) +RB TB(t) RU Tu(t) RU Tu(t)

Rewriting

(1(t) - R. t VT E B(t) + (Rt) ) VB(t)1(

RU Tu(t) V V TE)t

( differentiating Equation (5) with respect to time.

(dM~t) - P(t) -V B(t) [U(t) dB(t) + v L(t
Udt RTu(t) dt T-B(t) dt VB(t)dtTB(t)/J

dPýt Pt) _

+ VT-VB(t) +) VB(t) I dt TU(t) TU2 (t) dt
R B(t) JL Ut

(6)

(
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Rewriting

ý ) L ITW
dt_. (t) T (t) dB d_ (t)

+Mt j(2)pUt). 1Vt)R.T(t) vT+ 3RB TU(t) J dt) -~t JJt
YU " (t) VB(t)/1 dT

1 -T s 1 )UV(t) (7)

k t PPPdt TU (t) dt

Substituting Equation (7) into Equation (1)

__ _ r/n/ VI P(t) 5) ;U ýt) -1 B (t) + )ii ;!
-m BUt)) dt B(t) dt

L(t) r ()B(t)-t+ V B(t)-

1Id datj

I'

S" t TU(t) at 1 8

let

E- VT+[ T' V((t) (9)1]TL\RB/\T(t) 
B

: .n substituting Equation (9) into (8) and rewriting.

I A tl1 dPU(t)_1
P (t) dt TU (t) dt

- P(t) [(/Ru, (TU~t) \ 1 dV B(t) l~\d (Ut II
%m TT I- +Q-i VB dt T

RTUU(t) TB(t) / dB(t) I

P(t) (E) (10)

RuTU (t)
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rewriting equation (10)

SdP(t) P(t) dTU(t)
dt TU(t) dt

tUTU(t) + P(t) TB(t) ] t +( ) MB(t) TB(

E (1

there is evidence to indicate that the compression of the unburned gas in

S( the tank is isentropic (Reference 12). tf this is assumed, then

YU-1 YU-1

T U ( t ) - K- 'j - P ,'t ) PU ( 1 2 )

, (
where KI Pi - (13)

YU

k ( In Equation (12) the subscript i refers to initial conditions.

( Differentiating Equation (12) 1

dTU(t) . ~ P-t) Y~ dP Ct) (14)

dt K1 t) U dt

(The temperature rise in the burned gas can be approximated by

r B(t) TU(t) + (15)

- rewriting

T T _B(t) 1B(t) C(P
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differentiating Equation (16)

d H .1 AT - 1 (17)/t T - dtdi TBLt) Cp B B(t)

Jifferentiating Equation (15) gives the following

dTB~t) . dU(t) (18)
dt dt

Substituting Equation (18 into (17)

d (Tum)\ A 1 dT t)(9
dt \ TB(t) / p B T B 2(t) dt

substituting Equation (14 into (19)

I (T A)•- • K IU P(t) - y (20)dt TB~) 2 U dt
B) cP B T B(t) \yt /

Substituting Equations (14) and (20) into Equation (11) and rewriting

P(t) (K) Y'U- P(t) - U/ dp(t) , UTU(t)

- T ) V(t) -u 1)] dt
S...(t) \(t) 2) ] dt 1(21

RB TBT(t) -2
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Substituting Equation (12) into Equation (21) and rewriting

YU1

1Ey_,)+R ~) INH) (Y ) Kl( IB() VB(t) P(t) U]
(t) U - \ T / /TB (t))

dt RUTU(t) P(t) U)\ TB(t) dt (22)

further rewriting results in

F/!!L ) T, ( ) I dV Bt
dP(t) -_Ruut) h- P(t) \ TBCt) dt (23)

dt

El- (fU C B I\B1T/ ( T ~) ~t

The major unknowns in Equation (23) are the volume VB and its rate of change

and in the mass flow relieving the combustion pressure through the arrester

material and orifice.

The mass flow depends on orifice area, arrester pressure drop, and whether

the flow is choked or unchoked. For the pressure ranges of interest it is

estimated that both choked and unchoked flow will occur.

( For choked flow, the mass flow rate i is:

K2 Ao PBM o (24 )

where A is the area of the aperture (relief area), and K2 is a factor that

depends on the vapor properties and on CD, the coefficient of discharge

(
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)

C (t) 1/2 2 B+l

For unchoked flow:

2 YB+ 1

K R Y (R B (26)

6 KAPB T [ P3

B

where

K - C ýY '6 D- ~B-1~ (27)

PR is the pressure in the relief volume at time (t).

It is convenient to relate CD to an equivalent velocity head loss K factor.

From Reference 7:

1
K= C2

D

rewriting

C 1 (28)

":e velocity head loss through the arrester material KA found by test allows

che total losses to be expressed conveniently by simmating both velocity

head losses.

Total C 1

K A + (29)
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Nr

VB(t) is a function of the burning rate

SBt) is a function of the burning rate
dt

As seen from Figure A, these quantities depend on the speed of the flame front

and its shape.

However, flame phenomena are complicated, influenced by laminar to turbulent

transitions, gas conditions, and tank geometry. There is no suitable analyti-

cal expression for these phenomena and the solution presently must rely on

experimental obnervations.

Relief Phase

S( During the burning phase, unburnt and burnt gases are expanded through the relief

area into the relief volume.

( dM t) (30)

dt
(

Rt PRt VR

=4 P R(t) R as VR is constant with time.
RRTR(t)

d dP P dT
M1 R~t) VR 1 R(t) - 'R(t) R(t)
dt RR TR(t) dt TR 2 (t) dt (31)

rewriting

(
dMR(t) -VR EP (t) P -~t -d.--'- (32)

( dt TR(t)RR dt TR(t) dt
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remembering that P R(t) 0 P(t) - AP(t)

dN Ct)_ . R dP~t dtAP Q [P~t) -AP~ti dT (33)
dt T R(t)RR dc dt T R(t) dt I

assuming isentropic compression as during the burning phase.

T T (1Rý t) Y -1 RmKj P R1yR(4
R(t) iRkPi / IR PR(t) (34)

Note K a K1R

and YU = YR

TR(t) " KIR [p(t) _ ,p(t) ] iR'1/YR (35)

differentiating Equation (35)

( )1. ~ -i/- d dtP

dTRLt) aK P(Y- - AP ]d~t d t)] (36
dt 1R y ) (t) (t) dt dt 36

rewriting

dT''--1/ } P

R(tdPR() (37)
At IRk 7R R(t) dt 37

I

".Ibstituting Equations (35) and (37) into Equation (32)

R KlR IP(t) - AP(t)] YR-1/YR

___ dAP y dP~ - diAP ()
t dtR dt2t
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Substituting Equation (38) into (30) and transposing

dP dA KR r] --A 1
W - RRR K (t) - PCt) (39)

dt dt " R

as PR(t) "Ct) - A(t)

Equation (39) can be written

dP ~t .yRRR K1R i[P R~t)l ~R-/yR (0
dt VR (40)

3.2 Computer Program General Description

Based upon the analysis previously described in Section 3.1, a tank overpressure

program was developed. This program integrates the transient equations for pre-

dicting the pressure history inside a tank with a relief area during combustion.

Two ignition sources are described: spark and incendiary.

It is assumed that a flame front propagates from the area of ignition, increas-

ing the internal pressure of the tank. Concurrently, depressurization of the

combustion tank occurs as gases expand through the relief area and arrester

material into the relief volume. A peak pressure occurs at termination of burn-

ing, that is to say, when the assumed flame front traverses the length of the

combustion volume.

Data are input to the program by eight datL& cards, which include general con-

( stants, tank dimensions, and fuel-air properties for both burned and unburned

gases. The program primary output is the resulting overpressure as a function
of time. The major unknown in the analysis is the flame speed, which must be

input from available data or test results.

( The program automatically determines whether the flow through the relief area

is choked or unchoked, based on a pressure ratio criterion, and uses appropriate

( equations for mass flow calculations.

133



The program is written in WATP0R language for use on the 360 computer. A flow

diagram indicating the logic and analysis steps is shown in Figure 47. A listing

of input data and a program listing are included as part of Section 3.4.

Program limitations are reflected in that the geometry description is limited

to the variable geometry test tank of circular cross section. Also, the program

does not account for the decay of combustion pressure and relief volume pressure

rise, attempting to reach equilibrium after combustion ceases; nor does it ac-

count for decay of internal pressure due to heat transfer through the walla of

the tankage. However, it is believed that the effect of heat transfer on max-

imum pressure during the burn will be negligible because of the relatively slow

heat transfer rates compared to the pressure rise time.

NOMENCLATURE

A 0 Area of aperture
CP 0 Specific heat

9c a Gravitational conversion factors

A H " Heat of combustion

K T TR-
lu IU/PuU YU

K -
2 YB 6c

% (YB..1)
T B+I

K2 x B2+ 1

M Mass of gas in tank at any time

- Rate of emptying through aperture

P Tank pressure

P Ambient pressure

R Gas constant

T Gas temperature

t Time

V Volume
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Non-Choked Flow

Transient -(PC, PR, TC, TR, m) Versus t
Presuurization V

Analysis ,

IsYes End•.

No

(

II

(

( ~ ~ ~ ~ N Figrl7o Cmuewlo ige

•'. Yes

Transient

Pressurization -(PC, PR, TC, TR. m) Versus t

S~Analysis

(

No Is Yes End

f Figure 47: Computer Flow D:ag,'am
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Subscripts

I a Initial conditions

U = Unburned gas

a a Combustion products

T a Total

DEFINITION OF VOLUME BURNT AS USED IN THE PROGRAMS

Spark Ignition

DCII

Thu volume burnt VBT is given by

2w Dc2

VBT = 4  X4 x 144

where X for any given time is X = UP x t

where UF is the assumed flame speed.

T 2 2
VBT - 4x14-- 4 Dc UF . t (c)

' fferentiating

D UF2 (2)i 2
DVBT - 4x144 D• c "

The final time of the combustion is given by

1FF XLC (3)
12 U3
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(

Incendiary Ignition

DLCu

Time to final burn is given by

TPF - Time for incendiary Time for remainder of

plume to burn DFO + burn,(
TPF = DFO + XDC - DFO (4)

( 24UI 24 x UF

where Ut is the apparent incendiary expansion and UF is the burn

( speed in the remaining gases.

2 7 2nD X
VBT c 4 where X - UI.t

1 4xl144

2 r Dc /DFO + DFO

2 4x144 x 12 12 2

"" ( Total Volume - VBT 1 + VBT 2

2 2212D DFO 2xffD UF
c c T DFO

"4xl44x24 4x144 24 Ut

( 2D2c 2DFO + UF.DFO] (5)
VT x14 + U2 t 24 UI

/ (differentiating
2nD 22VB D U (6)SDVET - 4x144

(
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NOMENCLATURE

UI Apparent velocity of burn of incendiary cone

XK Overall foam discharge coefficient

XKO Orifice discharge coefficient

PI Initial chamber pressure (LBF/FT 2)

TIU Initial temperature of unburned gas (OR)

DO Diameter of orifice (in.)

DCTNK Cylindrical diameter of combustion chamber (in.)

DRTNK Cylindrical diameter of reservoir chamber (cyl) (in.)

XLC Length of combustion chamber (cyl.) (in.)

XLR Length or reservoir chamber (cyl.) (in.)

DFO Diametei of initial incendiary plume (in.)

UF Apparent flame speed (ft/sec)

DHHC Heat of fuel combustion (BTU/LB-MOLE)

b XF Molecular weight of fuel (LBM/LB-MOLE)

CPCX Heat capacity of fuel (BTU/LB-MOLE-*R)

XNI Molecular fraction of fuel in vapor

XMA Molecular weight of air (LBM/LB-MOLE)

CPA Heat capacity of air (BTU/LB-MOLE-OR)

X, Y, Z Consta ts in chemical equation

C 3H 8+ 50 - 3 CO2 + 4H2 0

CVN2  Heat capacity of H2 (BTU/LB-MOLE-OR)

CVO Heat capacity of 02 (BTU/LB-MOLE-OR)

CVCO W Heat capacity of CO, (BTU/LB-MOLE-OR)

CVH2 0 Heat capacity of H2 0 (BTU/LB-MOLE-OR)

GC Gravity conversion factor (LBM-FT/LBF-SEC )

R -Gas constant (BTU/LB-MOLE)

3.3 Dynamic Model Data

It has been observed during the test program that the time to peak

pressure is influenced by the following parameters:

0 Combustion volume (geometry)r
* Initial pressure

0 Rate of gas expansion through the relief area into the relief

volume

* Fuel-to-air ratio.
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Presently the dynamic mathematical model couples the pressure rise

time or time to peak pressure directly to the combustion volume.

The initial flame speed UI and the final flame speed UP assumed

to exist for an incendiary burn have been determined so as to

produce maximim over-pressures and pressure rise times as produced

during the test program within the variable geometry tank. These
"calculated" flame speeds used are not observed flame speeds in a

strict sense. To relate the fundamental and observed flame speeds

to all four variables was considered beyond the present scope of the

test program. These could, however, be coupled to the program at a

later date.

It is shown in the graphical presentation of the transient model

data, that for a spark ignition, K factors up to 70 have no

appreciable effect on tank overpressures, for a relief orifice of

53Z (0.852 ft 2) or greater. However, an incendiary ignition

influences the pressure rise quite sharply under the same conditions,

Figures 48 and 49.(
It is further noted that when the orifice size is reduced to lO1

( (0.167 square feet), pressure influences seen for a spark ignition

(.igure 50) are sharply increased when an incendiary igniter is

used, as shown in Figure 51 where even a K factor of 20 increases

Pc/Pinitial by a factor of 6.

Compressibility of these types of materials could be accounted for

by varying the K factor as combustion pressure increases, or could

( be achieved by pressure drop definition, as shown in Reference 13.

( A typical plot of pressure rise versus time as found by test is

compared to that calculated by the dynamic model, as shown in

( Figure 52.
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Dynamic Model Data 53% Orifice
Spark Ignition

AR a 63% --0 0.852 Ft2

VC - 2.0 Ft 3

Pressure Drop K Factor
6

0 70

5

>4
0

E
-o 3

2

1 2 3 4 5 6 7

Pressure Ratio PCPlnitial

Fg'ure 48: Dynamic Model Volume Versus Pressure Data for 53% Orifice (Spark Ignition)
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Dynamic Model Data 53A Orifice
( ___Incendiary Ignition

AR a S3% 0.52 Ft2

(VC - 2.0 Fk3

Preosure Drop K Factor

0 10 20 30 40 506070

5

4!

r3

14

( C.

( ~3- _ __ _ __ _

Presur Rai*1/nta

(

- iue4:DnmcMdlVlm Vrersusressutre'at fo./nri5a Oiie Icnirygiin

(
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Dynamic Model Data 10% Orifice

Spark Ignition

AR - 10%-*-0 167 Ft2

VC - 2.0 Ft3

Pressure Drop K Factor
I 1

K =0 K=20 K=70

5 - -

> 4

. 3

2

1 2 3 4 5 6 7

Pressure Ratio PC'Plnitial

Figure 50: Dynamic Model Volume Versus Pressure Data for 10% Orifice (Spark Ignition)
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Dynamic Model Dare 10% Orifice
Incendiary Ignition

AR - 10% 0.167 Ft 2

VC - 2.0 Ft3

0 10 20

6

0

.2

3

2

1 2 3 4 5 6 7

Pressure latio PC /lPhlitial

FigUre ,': Dynamic Model Volume Versus Pressure Data for 10% Orifice (Incendiary Igrition)
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VC -2.0 Ft3  Prcent Void - 40.6%

VR - 2.92 Ft3  VRN/C - 1.45

Incendiary Ignition Ao 0.167 Ft 2  'K'- 20

70

60
I - Transient Model

•_ 50 ! ,- , Test Dat Run 124

40- PC

30- -
PR .--.-- --.--20 -

20 40 60 80 100 120

Time in msec

Spark Ignition

0 Test Data Run 111

c- c

•" 30 P

20 PR Transient Model

0 100 200 300 400

Time in minc

Figure 52: Variable Geometry Test Data n Transient Model Data
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A description of the fuselage tankage with a lined wall configuration

installed was prograrad. The resulting tank pressures for various

percent voids are plotted in Figure 53. A data presentation relating

the ratio of relief and combustion volume to the ratio of absolute

final and initial pressure is shown in Figure 54. The curve is shown in

Figure 43 with data superimposed.

3.4 Program Flow Diagram and Listing

A flow diagram of the Dynamic Mathematical model integration and

computational steps is shown in Figure 47.

Three listings are included.

Listing (A)--Variable Geometry Pressure Rise for a Spark Ignition Source

Listing (B)-Variable Geometry Pressure Rise for an Incendiary Ignition

Source

Listing (C)--Fuselage, Small Wing, or Large Wing Pressure Rise for a

Spark or Incendiary ignition Source

It is generally noted that the program presently requires a major

( change to the computational routines as the configuration description

is changed.

(

(

(

(
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Spark Ignition

\\i V- ,

v

60 ,\ •

Percent

5 0 
_ _ _ _Vo i

90

(x 1.0 In)

2 j 62-6%
S•" (A = 2.0 In)

30I (x -, 3.0 In)

10

0 50 100 150 200 250

Time Milliseconds

Figure 53: Fuselage Tank (Lined Wall) Dynamic Model Pressure Plots
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Spark Ignition

This Presure Rise Curve is Applicable for Void Concepts

Within All the Tankages Fuselage

Small Wing Tank

Large Wing Tank

Vc - Total Volumes Available for Combustion

VR - Total Foam Volume

5

4.

.2

2 3 4 5 6 7

Press.re Ratio PC/ Plnitial

Figure 54: Dynamic Model Pressure Ratio Versus Relief-to-Combustion R7atio
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SECTION IX

TASK II TEST PROGRAM

1.0 MATERIAL DESCRIPTION

The material used for all Task II tesLing was 25-ppi reticulated polyurethane

foam, manufactured by Scott Paper Company and distributed by Firestone

Corporation.

Shown in Figure 55 is a sample of foam 4.0 inches thick being cut

by the not wirp apparatus. This hot wire cutting technique was utilized

throughout a major portion of Task I and all of Tasks II and III.

2.0 TEST CONFIGURATION GENERAL

Test configurations were obtained by assembling six 30- by 24- by 15-inch

steel cubes, supplied by AFAPL, into three different configurations.

The relationship of percent penalty void VC/VT versus other pertinent

arrester dimensions is included in this report for each voiding concept

as follows.

2.1 Fuselage Tankage

This configuration assembly is shown in Section VI, Mode II testing.

A photograph of the test assembly is shown in Figure 31, (Section VI).

2.1.1 Lined Wall

2 30

/,!L. l ,i, / / / /• - -~

I V(.. V 30/1 -b- 159/! !/

Preceding page blank 159



Figure 55: Hot Wire Foam Cutting
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VT - 30 x 30 x 24 - 21,600 in. 3

V- a (30 - 2x) x (30 - 2x) x (24 - 2x) - 21600-4680x + 336x 2 -8x3

VR a VT - VC

Percent penalty void - V C/VT x 100

- (21600 - 4680X + 336ý2 -
8 X3) 100

21600

4680 -336 2+ 83
VR/VC = 21600 -

4 6 8 0X + 336X2 
-8X

Variations of percent void and V R/VC with arrester thickness are shown

in Figure 29.

2.1.2 Top Wall

24" 30"

R R

30"
vC vC 1

3
V = 30 x 24 x 30 = 21,600 in.

Vc = 30 x 24 x ( 3 0-X) = 21,600 - 7 2 0X

VR = VT - VC = MX

Percent penalty void V c/Vr x 100 = (21,600 - 720 100 (1)
21,600

720',
R /C 21,600 - 720y

Variations of percent void and V R/VC with arrester thickness are shown

in Figure 56.
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I

________________ Fuselage Tankage - 1100 Fuee ekp10

90 VR x9

80 VC 8

70 7

NN

Penalty Percent VOid
Curie A VRtNC

50 5

40

30 -

20 1

10 21

05 10 1 15 2 10 2 15

Arrester Thickness x Inches

Figure 56: Variations of Percent Void and Vq/VC with Arrester Thickness (Top Wall)
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2.1.3 Voided Top Wall

3

VT 30 x 24 x 30 in.
- 21,600 in.

VC 30 x 24 x (30-y) in. 3

, 21,600 - 720v

VR VT - VC - 7 20 y

4

EVC 6 x 6 x 4 x X a 14 4X

1
24" 3o" .

/0 12 /12"•--

30"

vcI V

4

V1x 100 - 14.4O0 2ox/y (i)

Percent reltef void V1 720(

R

Percent void ( 2 21,600)

YV 21,600

tVCI + VC

Percent penalty void V, + 100

= 144x + 21,600 - 720V) 100 (3)

21,600

720y (4)

VR/VG 21,600 - 720y

Variations of percent void with respect to changes in the X and y dimensions

are shown in Figure 57 and Figure 58. The variation of arrester thickness

y and VR/VC is identical to the top wall configuration shown in Figure 56.
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Fuselage Tank Test Configuration (Voided Top Wall)

100

10.0 1001210

90 -- 4 - --t~ - -ý O JJý
9.0

\2

4 V

70 24•••.0• 1 30.0

8

700

60 ____

Percent 1
Total 50
Void

VCNT x 101) ,16

402

30 
2

20

10 __

10 20 30
Relief Depth 'Y' Inches

Figure 57: Variation of Percent Void and Relief Depth (Voided Top Wall)
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Fuselale Tank ag Percent Vold A

* 10

Relief Void

SV~N x 100 /0

4

2 4 a a 10 12 14
Relief Void Depth X Inches

These Curies Allow Correlation of Recorded Void
Data to Penalty Percent Void B

60 ,-

Percent
Void 40----

SVC/VT~ x 100 ____

30 -1Te.t ecentjI chef j'oidsF

20---_ _

2 4 6 18 10 12 14

Percent Relief Void _r VCIVR x 100
4

Figure 58: Variation, of Percent Void, Penalty Percert Void and Relief Void Depth
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2.2 Small Wing Tankage

The test cubes were assembled in the following manner.

300 24.-

Bullet Trajectory

A photograph of the test acsembly is shown in Figure 59.

The relationship of percent penalty void Vc /VT x lCO versus other pertinent

arrester dimension are included in this report for each voiding concept

follows.

2.2.1 Voided Top Wall

30" 24"

V vC

Reii2f Holes AR
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\/

wx2.65 2 2

Total relief area (30 x 15) plate - x x 4 - 22.2 in.
4

'ro.jl relief area (24 x 15) plate - 4x2.652  in.2

Percent relief area (30 x 15) plate = - 22.2 x 100 . 4.93%
30 x 15

Percent relief area ( 24 x 15) plate A /AT 166 x 100 - 4.61%
AR/ 24 x 15

V<. 30 x 24 x 2 1440 in. 3

(13 - y) (30- x) (24 - x) - 936' - 701X + 13X2 _ 720y + 54xy - yx

VT = 30 x 24 x 15 - 10,800 in. 3

V C x 100 = (93 6 0-701yx + 13x( - 720y + 54Xy-yx 2) 100'ercent Void10,800
VT (V c + Vcl) 100 1,0

Penalty Percent Void (V VT

_ (9360 -
7 0 1X + A3X - 720y + 54xy - yX 2) + 1440 x 100

10,800
VT VC

VC

C(),800 - 9360 + 7011_- 13y2 + 720y - 54xy + yx2)
S~2

9360 - 701X + 13X - 7 20y + 5 4Xy - yX

•,/V, Total Assemblyf VTotal Assembly -

oQ00x 6) - 9360O+701 - 13x 2 + 720y -54x y+ yx22 2

1360 701X + 13X2 - 72 0y + 54Xy - yX2

.ariat1i,,is of percenw void and V R/VC foi ,atious arrester thicknesses

.:own in Figures 60, 61 and 62; Figure 62 is for X = y.
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100 -- mall Wing Tank

Pern nt Vid VClT xl 1
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Small Wing Tank

tal As*embly1

90 w

80 8

Total Fercenj Void Penalt I

I lInclujing Cojinbusti n of V
70 in" sdr~sDaa-t -sdb i re, i 0 7

x L ! t

+ >

0

"• 0 .......
>-- - ---- -- ---- -4----+ - * *

> -• ... 1 Bay.VR/VýCSie

__Curve __ I

3 2 4 6 8 10 12 14

Arrester Thickness 'X'= 'Y' Inches

,jur, 2" Variations of Percent Void and 'IR/VC with Arester Thickness (Voided Top Wall)
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2.2.2 Egg Crate Configuration

VT = 30 x 24 x 15 - 10,800 in. 3

,VC (30- 4 X) x (24 - 4 X) x (15- 2 X)

- 10,800 - 4 , 6 8 0X + 672X - 32X3

1rvC

Percent penalty void - Cx 100
vT

= (10,800 - 4, 6 80X * 672 x2 - 32 X3) x 100 (1)
10,800

9

V EV 2 3VT-1 C 4680- 672X + 32X(
VR /Vc 9 3 (2)

F. VC 10,800 -
4 6 80X + 672X2 - 32X3

1

Single Bay

30"

__ -_ I,.NS

F C, VP - X INS

Cdv x CL -uLU
F7T V1 Section through Z - Z

1

VV otal Assy - 9 ( 1,800 x 6) - (10,800- 4 6 80x + 672X 32X
A 110,800 - 468OX + 672x2 32X3
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Total Assembly

Variations of percent void and V R/VC for various arrester thicknesses are

shown in Figure 63.

V R/VC for ignition of a single combustion volume VC
RCoalV Vl

VR/V Single Volume -Total- Cl
R C C

(10,800 x 6) - (10,800 - 4680X+ 672X2 - 32x 3)

9VR/VC Single Volume- 2
R ~10,800 -

4 6 8 0y + 672×2 - 32y3

9

The range of values in which this VR/VC (Single Volume) results, falls

within . a and 53 min. These values are high and correspond to a very

low pressure ratio PC/PInitial - 1.03 over this range.

2.3 Large Wing Tankage

For large wing tankage simulation, the test cubes were assembled thus:

015

ul7 Traj3or
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Small Wing Tank

100 1-~t ~0

- I t , I '
Rcrt i Assen, b

70 --

- IR'NC Single3&

60 - •6

71~

-/ - -F---i~-

I 2

30 3

-o i - -i - --.. - -; -- I•
1.0 2.0 3.0 4.0 5.0 6.0

Arrester Tnickness X Inches

"gure 63: Variat of Percent Void and VRNVC with Arrester Thickness (Egg Crate)
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The test assembly is shown in Figure 64.

The relationship of percent penalty void VC/VT x 100 versus other pertinent

arrester dimensions is included in this report for each voiding concept

as follows.

2.3.1 Lined Wall Configuration

iF30

C +f
15 Relief Area (AR)

Variations of percent void and V R/VC for various arrester thicknesses

are shown in Figure 65.

Total relief area - AR - (24 - 6) x (15 - 4) x 2 - 396 in. 2

Total area - AT - 24 x 15 x 2 - 720 INS2

The total relief area allowing pressure communication into the adjacent

cell is given as:

396 x100

Percent relief area - AR/A x 100 - x 50 %720

VC =(30 - 2 X) x 30 x 24 - 21,600 - 1, 4 4 Ox

Percent penalty void - V /V x 100 - (21,600 -- 144 0 X) 100 (1)

C T 21,600
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10rv WIng Tank

9990

! /, o VR/VNTotalo-A

70 
7

" t ...

___ .1
> 50 5-
0 >0

An, . 1se ThcIs °XIInhe

30 -K 34 -

(0 2 4 6 8 10 12
Arrester Thickness'X' Inches

Figure 65: Variations of Percent Void and VRNVC with Arrester Thickness (Lined Wall)
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The relationship of relief to combustion volume for a single bay is )
given as:

vT - vc 144QXi
VRIVc = VC 21,600 - 14 4 0X

(Single bay)

The relationship of relief to combustion volume for the total assembly is

given as:

VR/VC = VTotal Assy - VC C (21,600 x 3) - (21,600 - 1440X)
R VC 21,600 - 14 4 0X

Total assembly

2.3.2 (Center Only) Egg Crate)

I F'- F -I XF I

1 C2  C 3  15

iV

. CC4 V C 6  C R
v - , 15"

F 77
____I__c 30

___C_ 30 30"1 V

-•V Cr"

NOTE: Foam not glued in.

1
VC (30 - 4x) x (24 - 4x) x (30 - 4x)

27
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1 100
Percent void center volume -

1

(E VC +
Total percent void-27 C + 6C 4 00

64,800

= (21600 - 9360X + 1344x2 - 64X 3) + 21600 x 100
64,800

Total percent void including VCR

21600 - 9360X + 13 4 4 X2 - 64x 3) + 43,200 x 100
64,803

V /VC M 2. - constant, if burn-through does not occur.
RC

Variations of percent void and VR /V for various arrester thicknesses

are shown in Figure 66.
130" _

2.3.3 Total Egg Crate

SVc3 vC2 415

VC 2 VC424

VC 6 VC8
224(17
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Large Wing Tank
100

90 .Curve C

"Total Percent
Void Includir g
VCR

70 ____

80
x

":- 50
0
>

Curve 8STotal Percent Void

40

30 r

Percent Void (Penalty)
Center Volun m

10

0 1 2 3 4 5 6
Arrester Thickness 'X' Inches

Figure 66: Variations of Percent Void and VR/VC with Arrester Thickness (Egg Crate Center Only)
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1

E VC M (3 0 - 3X) x (2 4 - 3X) x (3 0 - 3X).
8

I
E Vc
8 Cx 00

Percent Penalty Void - 21,600

Percent Penalty Void (21,600 - 7 ,02OX + 7 56 X -
2 7 X ) x 100

21,600

The relationship of relief to combustion volume for a Curve A is given as:

1

(V/V R-8 VC)1 (7 020 X- 756X2 + 27x )

E V 21,600 - 7 02OX + 7 5 6 X -
2 7X

8 V

The relationship of relief to combustion volume for the total assembly

assuming no burn-through is given as:

8

VE V 2 3
V /Vc Total - 1 C (21,600 x 3) - (21,600 - 702OX + 7 56X- 27X3)
R 8 21,600 - 7 0 20 X + 756x 2 

- 27X 3

E V
Total Assy i C

Variations of percent void and V R/V for various arrester thicknesses X are

shown in Figure 67.

V R/VC for ignition of a single combustion volume VC( RCVTotl - VCl1

VR/VC Single Volume - V
Rv 

C1

(21600 - 7020x + 7562 -_ 27,,)(21,600 x 3) -a ,)
( - 8

(21600 - 702OX + 7 5 6 X -
2 7X )

8
R/V Single Volume

(h, range of values that this VR /VC (Single Volume) results in, falls

,,itriin i and 23. These values are high and correspond to a very low

pressure ratio. PC/P inita value as predicted by the dynamic mathematical
model, this ratio has essentially a constant value of P/- 1.03

over this range.
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100 ____Large Wing Tank 10

"g 0
Y Percent Void

Penalty

80 8

VRNC VRNC

70 Total Assy Single Bay

60 _6

x
I-- C.)

C.) 5 0  5__

0

& 40 [4

30 3

20 2

101

0 1 2 3 4 5 6
Arrester Thickness X' Inches

Figure 67: Variations of Percent Void and VR/VC with Arrester Thickness (Total Egg Crate)

182



3.0 INSTRUMENTATION

The instrumentation in general is identical to that utilized fGc the Task I

program.

A listing is included for each of the major configurations.

3.1 Fuselage Tankage, Table VI

3.2 Small Wing Tankage, Table VII

3.3 Large Wing Tankage, Table VIII

4.0 IGNITION SYSTEMS

The ignition systems are those utilized for the Task I program,

with the addition of a separate circuit to activate the breech of

the .50 caliber gun. These circuits are detailed in Figures 68,

69, and 70, as follows:

* Incendiary igniter/spark plug firing circuit, Figure 68

* Bomb firing circuit, Figure 69

• Gun firing circuit, Figure 70

The gun assembly is shown in Figure 71.

5.0 TEST PROCEDURE

9.1 General

The test procedure is summarized in Section VI (Mode II tes-ing),

Paragraph 5.0.

system schematic for each configuration is shown in Figures 72,

73, and 74, as follows:

(0 Fuselage tankage, Figure 72

* Small wing tankage, Figure 73

( 0 Large wing tankage, Figure 74.
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V /2 P Vo12 P1Vs

V - ,4- 2 V -3 -1

R -4 V -34 1

P VNo P2 V-6

~ CYLINDERV-24 V-47( FU ELJV-514 
P -30v~v.v_, •• ® -__a AA

G -4 - V-47-1 P -2 -7V1

VACUUM G-3 V-28 v-g 11-2? -29PUMP

NOl ~ n!li

V-52V- ULNE I UCYLINDER

(

( Figure 72: Test Schematic Fuelage Tank
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V-20 -14 P12 P-5 P-1 P-1

V°12

V-25 V-15

_VV.20
d 40 V-13 FV-560

V-34/ B
VV-24 V16

R- 354 V-14 PUMP

NO A ,R-1

V-2V 
V-49 GN2

CYLINDER

1V -1 9 V 4 7

BARRICADE

SV-2
V-3

JP-5 V-48 F V- 8 I V-310

FUELmi

-TANK PROPANE

Vacuum G-3 R-3 V-28 V-9 R-2 -29
Pump
No 1

V-52 AIR AIR
CYLINDER CYLINDER

Figure 73: Test Schematic Small Wing Tank
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SV-S1
V3-17

C 8

V-23

V-1 8

-42 V-13 U P --
V%-% - V 2 V 1 0 - i

G- V--2 V-2 V-179V-2
V-32

V-2 NO 2 GN2

CYLINDER

(

____BARRICADE__ _______

V-2 SIGHT
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(V2 FUL-7-

VUEL V-5 V-8-7 V3

VACUUM R
PUMP

NO 1 AIR
V-W2 UCYLINDER CYLINDER

( Figure 74: Test Schematic Large Wing Tank
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The fuselage schematic was slightly modified from that used for all

early tests in Mode I1. This modification allowed for a faster )
refueling and defueling and for the easy purging of residual fuel

from the sampling bombs and lines.

5.2 Detailed Procedural Checklist

The following is the detailed safety and procedural steps completed

prior to initiating a test firing. This procedure was adopted for

all Mode II and Task II tests.

5.2.1 Basic Facility (Safe Condition)

Area control lights green.

All valves closed.

Tank and sample bomb firing circuits in safe mode with shorting

plugs in receptacles outside control house and arm, fire and key

switches off.

Vacuum pumps off.

Fuel pump off.

Propane supply off.

Mix tank air supply off.

Sample bomb GN2 purge supply off.

V-20 GN2 supply off.

5.2.2 Basic Facility (Ready Condition)

Area control lights "YELLOW" inner and outer perimeters.
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All valves closed except as specified below.

Tank and sample bomb firing circuits in safe mode vith shorting

plugs in receptacles outside control house ard arm, fire and kay

switches off.

Vacuum pumps off.

Fuel pump off.

Propane supply on.

Mix tank air supply on.

Sample bomb GN2 purge supply on.

(
V-20 GN2 supply on.

5.2.3 Mix Tank

Open valves V-10, V-47, V-48 and V-52.

( Start vacuum pump 1 and evacuate mix tank until P7 indicates less

than 1/2 psia.(
1) Close V-10 and V-52 and record vacuum and decay rate.

SVacuum p___

Decay rate psi/min.

(2) Determine and record desired propane-air mub, )ropane partial

pressure and final mix pressure.

(Propane-air mix Z

Propane partial pressure psi

(Final mix pressure psia

(
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3) Place pad in "RED" and notify Fire Department.

4) Bleed in required propane using V-8.

5) Bleed in air using V-9 and V-22 to get final mix pressure.

6) Place pad in "YELLOW" and notify Fire Department.

5.2.4 Camera and Firing Circuits

1) If movie camera is to be used check operation by holding in

microswitch in camera body and having camera switch in control

house operated. Motor will operate if circuit is activated.

2) Load movie film magazine in camera.

3) Check firing circuit by pulling shorting plug and installing

in control console, turning key and arm switches on and turning

on fire switch. If circuit is activated, a meter across the

firing leads at the pad will indicate 110 volts.

4) Circuit check verified.

5) Turn off fire, arm, and key switches and insert shorting plug

in receptacle outside control house.

5.2.5 Sample Bomb Vacuum Check

1) Start Vacuum Pump 2.

2) Open Valves V-15, V-16, V-17, and V-49 to evacuate sample bombs.

3) After 5 minutes close Valves V-15, V-16, V-17 and V-49.

4) Monitor P1, P2 and P3 to determine vacuum integrity of bombs.

P1 psig

Decay rate psi/mmn

P2 psig

Decay rate psi/min

P3 psig

Decay rate psi/min
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5.2.6 Test Tank

1) Arrester material installed.

Configuration

2) Top and/or side plates installed. Torque bolts and nuts by

hand only to minimize stripping threads.

3) Fuel fill/drain manifold underneath tank installed. All

connections tight and valves closed.

4) Vent manifold on top of tank installed. All connections

tight and valves closed.

5) Sample bomb lines installed. All connections tight and valves

closed.

6) Vacuum manifold installed. All connections tight and valves

closed.

7) Dummy igniters installed.

8) Check pressure integrity of tank (if necessary) by pressurizing

and recording decay rate. The tank is pressurized by bleeding

bomb purge gas into the tank through valves V-50 and V-12

through V-17. When the desired pressure has been reached on

P1 close Valves V-12 through V-17 and V-50.

Pressure attained psig

Decay rate psi/min

9) Vent tank by openifig valve V-41. Close V-41 when tank pressure

drops to atmospheric.

10) Check vacuum integrity of tank by opening Valves V-20 and V-21

to pull a vacuum. Close Valves V-20 and V-21 when P1 indicates

a stable vacuum. Record vacuum and decay rate.

Vacuum attained psig

Decay rate psi/min
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11) Open V-41 through V-46 to vent tank to atmosphere. )

5.2.7 Fuel Fill and Detank

1) Call Fire Department and wait for truck. When it arrives

put outer perimeter in "RED."

2) Check that V-7 is open.

3) Open V-31 through V-36 and V-4.

4) Open V-1 and V-2.

5) Turn on fuel pump to start fuel flow. The flow may be

throttled as needed with V-2 or V-4.

6) When tank is full, as indicated by fuel in vent sight tube,

turn off fuel pump and close V-2 and V-1.

7) Detank by opening V-6 and V-3 and turning fuel pump on.

8) When tank is empty close V-6, turn off fuel pump and close V-3.

9) Close V-4, V-31 through V-36 and V-41 through V-46.

10) Place inner perimeter in "YELLOW." If test uses a spark or

incendiary igniter proceed with Section 5.2.8. If it is a

gunfire test proceed with Section 5.2.9.

5.2.8 Spark or Incendiary Igniter Installation

1) Remove dummy igniter from tank.

2) If spark igniter is to ba used, install spark igniter assembly,

making sure it is properly inserted in tae quick-disconnect

fitting.

3) If incendiary igniter is to be used load about 30 grains

of 1M-11 mix into Igniter assembly.

4) Check that igniter resistance is 0.2 ohms. Adjust compression

nut if necessary.

5) Install assembly into tank making sure it is properly inserted

into the quick-disconnect fitting.
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5.2.9 Sample Bomb Purge

1) Open V-20 and V-21 to pull vac..um on tank.

2) :Open V-15, V-16, V-17 and V-50 to pressurize bombs A, B,

and C.

3) Open V-23 for 30 seconds to drain any residual fuel, then

close V-23.

4) Open V-24 for 30 seconds, then close V-24.

5) Open V-25 for 30 seconds, then close V-25.

6) Open V-14 for 1 minute to purge bomb A sample line, then close

V-14.

7) Open V-13 for 1 minute, then close V-13.

8) Open V-12 for 1 minute, then close V-12.

9) Close V-50 and open V-49 to evacuate the sample bombs. If

the test uses a spark or incendiary igniter, proceed with

Section 5.2.10. If it is a gunfire test proceed with Section

5.2.11.

5.2.10 Igniter Hookup

1) Fire Department at control house.

2) Outer perimeter in "RED."

3) Firing circuits key, arm, and fire switches off.

4) Shorting plugs in receptacle outside of control house.

5) The test engineer and ordnance technician go to pad to hookup

firing circuit. All other personnel in control house.

6) Close V-21.

7) Check firing circuit for stray voltage or current. If none

is found connect firing leads to igniter.

8) Test engineer and ordnance technician return to control house.

9) Put inner perimeter in "RED."

5.2.11 Gun Loading and Hookup

1) Fire Department at control house.

2) Outer perimeter in "RED."
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3) Firing circuits key, arm, and fire switches off. )
4) Shorting plugs in receptacle outside of control house.

5) The test engineer and ordnance technician will go to the pad

to load the gun and hook up the firing circuit. All other

personnel in control house.

6) Check that gun is aimed properly and no obstructions are in

the barrel.

7) Close V-21.

8) Load gun with .50 caliber API round and 20 MH electrically

primed case loaded with 500 grains of powder.

9) Check firing circuit for stray voltage or current. If none

is found connect fi'•ing leads to gun.

10) Test engineer and ordnance Technician return to control house.

11) Put inner perimeter in "RED."

5.2.12 Explosive Mix Loading

1) Check that tank vacuum indicated by P1 is at desired level.

Record pressure psig

2) Instrumentation checklist complete.

3) Close V-15, V-16, V-17, and V-20.

4) Open V-li and V-19 as desired to pressurize tank to psig.

Then close V-l1 and V-19.

5) Wait 2 minutes. Maintain pressure as needed.

6) Check P1, P2 and P3 to make sure an adequate vacuum is in the

sample bombs.

7) Open V-12, V-13 and V-14 for 1 minute, then close them.

5.2.13 Firing

1) Notify personnel that firing is imminent.

2) Install shorting plugs in control console and turn on key and

arm switches.

3) Give 5-second countdown and fire bombs.

4) Observe whether P1, P2, and P3 are over 90 psig and whether )
pressure rise time is less than 200 milliseconds.

200



5) If Pl, P2, and P3 are ready, start 5-second countdown and fire

tank.

6) Put inner perimeter in "YELLOW."

7) Test engineer, fireman and ordnance technician inspect pad.

8) Put outer perimeter in "YELLOW."'

9) Return area to "READY" condition.

10) Read, tabulate, and plot data.

6.0 RESULTS AND DISCUSSION OF RESULTS

All test configurations were tested with 25-ppi reticulated poly-

urethane foam. The initial test void condition was determined using

steady state model relief-to-combustion ratio versus overpressure

data. Further tests with increases in the percent void were each

determined from the data obtained during the preceding tests. Testing

was centered on obtaining data relating to the defined overpressure

criterion of 10 psig. For concepts consisting of one or more voids, for

example "egg crate," a 3.0 inch diameter hole was cut, interconnecting

the voids, to duplicate multiple ignition similar to gunfire.

The data are presented in tabular and graphic form, with a summary

( bar chart for each tankage.

The tabulated data summarize pertinent data for each test conducted,

( taken directly from the detailed test data sheecs. It was apparent

from the preceding program that the ignition mode and pressure rise

times were important considerations. Consequently, included in this

report is a direct copy of all data traces for each test condition.

Each tracz records an arrest or a burn-through and the ignition

mode.

The relationship of percent penalty void to absolute pressure ratio

is shown for each test.

In all cases where a burn-through occurred several pressure peaks

were recorded; each is shown in the data traces and plotted as an

overpressure ratio in the graphic data.
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It is noted that throughout this program the overpressure is

correlated with percent penalty void, as this relates directly to

aircraft applications. Each void configuration was initially

standardized so that its application in any cell of each configura-

tLon would not affect the total penalty void of each tankage. The

only exception is with the three-cell large wing tank central egg

crate concept. In this instance the data is plotted as the center

cell egg crate penalty void.

The concluding bar charts allow an immediate voiding assessment of

each concept relative to the others. In all tests the intent was

to obtain sufficient data to allow a determination to be made of

the relative performance of each concept.

A correlation with the dynamic mathematical model is made only

with data obtained from the lined wall configuration. The required

program routine changes required to describe some of the more

exotic voiding concepts tested within the small and large wing

tankages were considered beyond the scope of this program.

6.1 Fuselage Tankage Configuration

Pressure rise data traces are shown in Figures B-l through B-7.

The configuration description and combustion overpressure data are

included as Table B-I. The relationship of penalty void with

absolute overpressure ratio found by tests are shown plotted in

Figures 75 through 79. The prediction of the dynamic mathematical

model is shown only for the fuselage tests.

A summary bar chart allowing assessment of each void concept with

the others shown in Figure 80.

6.1.1 Lined Wall

The recorded data is shown in Table B-I. The percent penalty void

versus absolute overpressure ratio data plots are shown in Figure

29, reference Section VI, Mode II tests.
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The largest percent void obtainable was 39% with incendiary ignition.

The data *how that when ignition is completed with a spark the per-

cent void obtained is reduced to only 30%. This implies that with

a lined wall concept a spark ignition results in higher overpressures

than those resulting from an incendiary ignition.

6.1.2 Top Wall and Voided Top Wall

The top wall configuration data plots are shown in Figures 75

through 79. The correlation with the dynamic mathematical model

data is not satisfactory, because the mathematical model pressure

rise is coupled implicitly with pressure rise time. This rise

time was assumed to be constant at 15 milliseconds for each test.

Data traces, however, show large variations in the time of pressure

rise, varying from 2 to 20 milliseconds for an incendiary ignition.

A correlation of the ratio of relief and combustion volumes with

absolute pressure is shown in Figure 79. A summary data plot

showing the effect of increasing the initial pressure is shown in

Figure 80.

It is noted that for all relief voids tested (up to 11.1%) no

burn-through appeared, and the pressure rise was attributed to a

( zero relief voided top wall.

( 6.2 Small Wing Tank

( The pressure rise data traces are shown in Figures B-8 through B-19.

The configuration descriptions and combustion overpressure data are

( included as Table B-Il. The relationships of penalty void with

absolute overpressure ratio found by test are shown plotted in

( Figures 81 through 84.

A summary bar chart allowing assessment of each void concept with

( the others is shown in Figure 85.
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6.2.1 Voided Top Wall

All tests to date indicate that the top wall relief volume Vcl

was not ignited. The foam thickness was reduced to a minimum of

1.0 inch during early tests and was then held constant for all

further tests. This top wall sustained a black stain on the

combustion side during all tests. The side walls were also

blackened, and for all tests on materials less than 4.0 inches

thick, the 25-ppi foam had sustained a "blow hole" at each rib-

lightening hole. On the side walls that did not sustain a burn hole,

a black stain was observcd that permeated through the arrester

directly in front of each hole.

Poettest photographs of the voided test wall for Runs 53 and 54 are

shown in Figures B-20 and B-21.

It is not likely that burn-through occurs in the top void because

of the immediate pressure communication created by the large

surface area. The top wall black stain and/or burning is similar

to and substantiates the data obtained during tests within the

variable geometry apparatus, where it was shown that the arrester

thickness required varied with the velocity of the flame attempting

to propagate through. It was observed on conclusion of Run 52

with 2.0-inch top and side walls that the flame did not propagate into

V cl However, the 2.65-inch-diameter relief holes allowed the low

combustion pressure of 5.7 psig to carry the flaw*: into the adjacent

cells. The 25-ppi foam was burnt completely away, leaving a

1-1/2- to 2.0-inch diameter hole right through 4.0-1nih-thick side

walls.

All data traces are included for reference in Figures B-8 through

B-14. Summary data plots relating to percent void witr pressure

ratio are shown in Figures 81 through 83.
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6.2.2 Egg Crete Configuration

For all egg crate tests, holes were burned through the side walls

at each 2.65-inch-diameter relief hole. Except for two tests,

there was secondary ignition in the other wing cells. When there

was no ignition, the pressure record was that generally expected

for the percent void in each of the adjacent cells. Pressure

communication was immediate for each trace, requiring 150 to 400

milliseconds to peak.

The pressure traces of each percent voiding tested are shown in Figures B-15

through B-19. The test results showed that increasing the percent void

did not substantially increase the initial absolute pressure ratio. The

data are shown in Figure 84.

These resu]•s are accounte. for by the flame front created by incendiary

and/oc spark ignition: it was contained within the center volumes of the

egg crate. It is nuted that for all tests, two 3.0-inch diameter holes in

the walls of the center egg crate allowed comnunication into the two adjacent

cells. It was intended to reproduce gunfire ignition by setting off three

voids in a direct line.

It is worthy of comment, however, that in all cases evidence of burning

was dpparent in all nine cells; a blackened stain permeated the foam in

all areas. This blackening could have been caused by hot incendiary

particles and/or hot reacted gases. These gases (as reported earlier here)

expanding through foam barriers effectively locally inert the adjacent

propane/air mixture during the life time of the ignition source. The

pressures recorded are those resulting from the ignition of a very small

percentage of the gas within the combustible volume.

hsttest photographs of the 3/4-inch and 1/2-inch wall thickness egg

crate per Runs 61 and 62 are shown in Figure B-22.

This assumption is verified by the results obtained during Mode IB testing

within the variable geometry apparatus. It was shown that maximum pressure
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rise within the combustion volumes with a relatively large relief area

(532) was a function of the combustion volume. The influencing parameters

on pressure rise for small combustion volumes were noted as follows, not

withstanding the restricting effect of the orifice (AR):

Large Relief Area (A, - 53%

Major relief area (AR) AR

Minor arrester volume
Vc

Small Relief Area (A. 10%)

Major arrester volume

Minor relief area (AR)

This is attributed to the overwhelming effect of an incendiary ignition in

a relatively small volume.

The three center voids result in a total maximum combustible volume for

the maximum void tested 80% (0.5 inch foam thickness) as follows:

L 30(

24

[30-0.5x-.4)] x [24-(0.5 x 4)] ft3 30119 ft3
3 x 1728

This is a very small volume and, provided the fire is contained within

this volume, all other volumes will not be ignited during the short duration

(that the ignition source is active. High-speed movies show this to be

approximately 5 to 10 milliseconds.
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6.3 Large Wing Tank

The pressure rise data traces are shown in Figures B-23 through B-33.

The configuration description and combustion over-pressure data are included

as Table B-III.

The relationship of penalty void with absolute over-pressure ratio found by

test are shown plotted in Figures 86 and 87.

A aummary bar chart allowing assessment of each void concept with the

others is shown in Figure 88.

6.3.1 Lined Wall Configuration

The pressure traces of each percent voiding tested are shown in Figures

B-23 through B-26. The data is plotted as percent void versus absolute

pressure ratio in Figure 86.

Following Runs 72, 73, and 73A, no visual evidence of burn-through was

found. The pressure traces indicated that the secondary ignition could be

the result of pressure decay, allowing propane mixture to reverse-flow

back into the combustion cell where reignition occurred.

The foam was not severely damaged during Runs 74 and 75, although posttest

examination showed that the upper surface had dislodged and possibly allowed

the flame to propagate into the center cell.

Posttest examination following Run 77 showed the usual black stain had

permeated through two layers of 1.0-inch-thick foam. It was observei

that no hole was burnt into or through the foam, but, again, a secondary

fire was initiated in the center cell after 1,450 seconds. This was appar-

ent from the sizzled state of the foam in the center cell and the resulting

pressure rise of 9.5 psi recorded on the data trace. Again ignition

energy of some kind (hot, expanding gases, flame passing through the foam,

etc.) passed through the foam and ignited the center cell without damaging

the arrester.
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The configuration description and combustion over-pressure data are included

s Table B-II1.

6.3.2 Central Egg Crate

Only two tests were completed with this assembly, one with a spark and

one with incendiary ignition. The pressure traces are shown in Figure B-27.

The data is plotted es percent penalty void versus absolute pressure ratio in

Figure 86.

The configuration description and combustion over-pressure data are included

as Table B-IlI.

Over-pressures 20.2 and 17.2 psi were excessive. The pressure drop across

the total central egg crate during Run 78 with the incendiary ignition

resulted in the complete assembly's being partially rammed into Cell 3.

It is noted that for both tests the total assembly was not glued into the

center cell.

6.3.3 Total Egg Crate

The pressure traces are shown in Figures B-28 through B-33. The data are

plotted as percent penalty void versus absolute pressure ratio in Figure 66.

The configuration description and combustion over-pressure data are included

as Table B-III.

The results are similar to those obtained during the small wing tank

egg crate tests. Three distinct pressure rises were seen on the traces, )
'zith apparent burn-through into the other cells. The incendiary and spark

ignition do not produce the usual large over-pressure differences. Void-

ing possibilities appear to be commensurate with those of the lined wall concept.

Ignition was allowed in two of the lower cells simultaneously by cutting

a hole in the dividing wall, allowing the incendiary to activate equally

into both cells.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

During the initial check tests with the small wing and large wing tank con-

figuration, problems were encountered with the GFE equipment. It was

not possible to get a vacuum tight tankage because of the non-machined

surfaces, cork gaskets, and 456 nuts and bolts. Leakage between each

dividing plate had to be sealed. In addition, some nuts that were welded

in place to facilitage easy assembly were stripped of their threads and

had to be replaced.

In all small wing tank configurations with an approximate total relief

area of 5%, up to 4.0 inches of foam was required to stop the flame/fire

from passing into the next bay. Thicknesses less than this resulted in a

hole burnt through.

Tests within the large wing tank with an approximate total relief area of

55% required only 2.0 inches of foam to achieve arrest with an incendiary

igniter. Thickness less than this either burnt through allowing flame

communication, or burnt through by other mechanism that created a blackened

stain in its passage through. It was noticed that immediate burn-through

occurred rarely, and generally pressure equalization had to occur before

flame passage was allowed. This phenomenon is similar to that described

in Mode IB variable geometry tests.

( The results of all Task II work have shown that:

* Flame speed at the time and place of arrest is an important

parameter.

* Material burning contributes to arresting characteristics of foams

and felts.

*• Combustion volume affects the thickness of arrester required to

arrest a flame front.

( The ignition source directly affects the pressure rise time within

a combustion volume.

(• Differences in rise time contribute to varying gas mass flow rates

through an arrester.

( 0 The arrester cross-section area and total relief area affect the

velocity of expanding burnt and unburnt gases, contributing to

( changing arrester characteristics.
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The voiding concepts recommended for testing in Task 3 are as follows:

* Fuselage Tankage

Voided Top Wall

Voided Lined Wall

0 Small Wing Tankage

Egg Crate

Voided Top Wall

* Large Wing Tankage

Lined Wall
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( SECTION X

( TASK III TEST PROGRAM

( 1.0 MATERIAL DESCRIPTION

The arrester materials and combinations of materials tested at various thick-

ness during the test program are listed as follows for each configuration:

( Fuselage Tankage

0 3M Scotch Brite felt

( S 25-ppi foam and 10 layers of quartz fiber type 594 on the explosion

face

0 25-ppi foam and 10 layers of quartz fiber backed with two layers

of 20 mesh-016 stainless steel screen on the explosion face

Small Wing Tankage

( 0 25-ppi foam with 10 layers of quartz fiber type 594 on the explosion
face

3M Scotch Brite felt

25-ppi foam and two layers of stainless steel screen on the

explosion face

(Large Wing Tankage

( 0 25-ppi foam with ten layers of quartz fiber type 594 on the

explosion face

( 0 3M Scotch Brite felt

• 2 layers of 20 mesh-016 stainless steel screen with ten layers

'Iof quartz fiber type 594
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2.0 TEST CONFIGURATION

2.1 General

Except for the voided lined wall, the geometries of all configura-
tions and voiding concepts are identical to those assembled for use in
Task II. These configurations are described in Section IX, paragraph 2.0.

2.2 Voided Lined Wall

The ten layers of quartz fiber type 594 material was supported and centrally
located within the fuselage tankage by 2 5 -ppi foam. The supporting foam was
voided by cutting a 10-inch square section from each of the six precut
segments as follows:

6
Relief Void - Z V 6 x 10 x 0 x X - 6 0 0 X in.31

Combustion Volume Vc . (30 - 2 X ) (30 - 2 X ) (24 -2X )
C!

Vc s 21600 - 4 68 0X + 336X2 -8X3

Total Volume - VT a 24 x 30 x 30 - 21, 600 in.3

Relief Volume - VT - VC - VR

VR = 4680;: - 336k 2 + 8X3

6
Percent Relief Void - r VC x 100 = 600 x 100

1 VR 4680 - 3 3 6 X + 8XZ

216 6
(V C+ EV C) 100Percent penalty void - C

VT

L[21_600 - 4 6 8 0X +336x 2 
- 8x 3 ) + 600 X 1100

21,600
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Variations of percent penalty and percent relief void for changes in the

dimension of X are shown in Figure 89.

3.0 INSTRUMENTATION

The instrumentation was identical to that utilized for Task II, and is

described in Section IX Paragraph 3.0.

4.0 IGNITION SYSTEMS

( The test ignition systems were identical to those described in Section IX,

Paragraph 4.0.

5.0 TEST PROCEDURE

The test procedure was identical to that described in Section IX,

( Paragraph 5.0.

6.0 RESULTS AND DISCUSSION OF RESULTS(
A test matrix describing the total Task III test program, relating materials

( and combination of materials tested within each voiding concept is as

follows:

Fuselage Tankage

Voided Top Wall

0 3M Scotch Brite

* 25-ppi foam and quartz fiber

0 25-ppi foam and quartz fiber supported by s-ainless steel

( screen

Voided Lined Wall

• 25-ppi fnim and quartz fiber

* 3M Scotch Brite
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Small Wing Tankage

Egg Crate

* 3M Scotch Brite

Voided Top Wall

* 3M Scotch Brite

* 25-ppi foam and quartz fiber

* 25 ppi foam and stainless steel screen

Large Wing Tankage

Lined Wall

9 3M Scotch Brite

0 25-ppi foam and quart: fiber

* quartz fiber and stainless steel screen

The test program was conducted in a similar manner to that undertaken in

Section VI and Section IX. The initial test void condition was determined

using relief to combustion ratio versus overpressure as predicted from

the mathematical model. Further tests with increases in the percent void

were each determined from the data obtained and plotted during the preceding

tests. Testing was centered upon obtaining data relating to the defined

pressure rise criteria of 10 psi.

The data is presented in tabular and graphical form with a summary bar

chart for each tankage.

The tabulated data summarizes pertinent data for each test conducted and

is extracted directly from the detailed test data sheets. Included in

the data is a direct copy of all pressure rise data traces taken for

each test condition. Each trace records an arrest or a burn-through,

the ignition mode, and the pressure rise as a function of time.

The relationship of percent penalty void to absolute pressure ratio is

graphically shown for each test.
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The percent penalty void relates the total void in each tankage to the

volume of the total tankage.

The volume of arresLer material installed within each tankage is given as:

Arrester volume (percenL) - 100 - percent ?enalty void.

This parameter allows direct correlation of all test data to a system

penalty for a particular voiding concept.

Each void configuration was initially standardized as in Task II, Section

IX, such that its application in any cell of each configuration would not

affect the total penalty void of each tankage.
,/

In all tests the intent was to obtain sufficient data to allow a deter-

mination to be made of relative performance of each concept.

The concluding bar charts allow an immediate voiding assessment of each

concept relative to each other.

6.1 Fuselage Tanakage Configuration

The pressure rise data traces are shown in Figures C-1 through C-17.

The configuration description and combustion overpressure summary data

are included as Table C-I. The relationship of penalty void with absolute

overpressure ratio found by test are shown in Figures 90 through 93.

A summary bar chart allowing assessment of each void concept with each

other is shown in Figure 94.

6.1.1 Voided Top Wall

The effect of rise time on the final overpressure is shown in Figu-e C-1.

The relief void was increased from 8.9% run 100 to 11.1% run 101 and produced
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a longer pressure rise time and a correspondingly lower final pressure.

This decrease in overpressure is related directly to a decrease in the

arrester thickness allowing pressure communication from the combustion

volume into each relief void. This thickness reduced from 4.0 inches for

the 8.9 relief void to 2.6 inches for the 11.1 relief void. The change in

overpressure rise time could be attributed to the decrease in the pressure

drop of the arrester material into each void volume. It is noted, however,

that a repeat tust with the 11.1 percent relief void using a .50 caliber API

as an ignition source, run 101, was successful in reducing the pressure rise

time and increasing the maximum pressure to that attained early with the

incendiary ignition run 100, shown in Figure C-2.

A low magnitude secondary burn is indicated in nearly all the test conditions

indicative of the propane-air mixture being reignited as the pressure decay

allowed unreacted gas to expand from the top wall into the combustion volume.

This secondary burn occurred generally 100 to 150 milliseconds after ignition.

Damage to the arrester material did not occur, although in all tests the

upper surface was scorched and deeply blackened.

Post-test examination of the 25-ppi foam arrester protected by two layers of

20-mesh stainless steel screens showed that in run 117 the screen was badly

blackened and damaged. In run 115 and 116 the flame and/or fire had not

burned into each void area, but the overpressures in a 57% penalty void were

excessive at 18 and 20 psi, as shown in runs 116, 117 and 118 shown iu

Figures C13, C14 and C16.

The tests conducted with the 3M Scotch Brite material resulted in the higher

pressure rises being obtained and producing, as a consequence, low voiding

percentages (Figure 93). Variations in overpressure for changes in arrester

material were generally not noteworthy in magnitude as shown in the summary

data plot (Figure 94).
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6.1.2 Voided Lined Wall

The results of tests with the quartz fiber type 5914 are shown in Figures C16

and C17. Increasing the combustion vc•lura from penalty void of 40%, run 106,

to 49Z, run 107, resulted in a more positive burn; that is to say, the

(rise time was reduced from 8-1 milli.&econds to 60 milliseconds. The rate of

change of pressure with respect to time was ot a higher magnitude. The

proof pressure test conducted with a .51) caliber API on the 49% voided tankage

resulted in a higher pressure rise in a longer time period (98 milliseconds).

See Figure C17. lhe rate of change of pressure with respect to time was

( similar to test run lob conducted on the 40,- voided tankage.

S6.2 Small Wiol an

(The pressure rise dati trac,:s are ,;ho%,n in Figures C-18 through C-35. The

configuration description.3 and combust ion over-pressure data are included as

Table C-Il. The rclationship of penalty void with absolute over-pressure

ratio found by test is shown in Figures 95 through 98.

( A summary bar chart allowing assessment of each void concept with each other

is shown in Figure 99.(
6.2.1 Egg Crate(
This configuration was assembled using the 3V Scotch Brite material. Tests

Sconducted on a 7.5- voided tankage, rum 120 and 120A, resulted in no burr

through. The three center cells in whi:hi the incendiary was discharged were

badly blackened and resulted in a low overpressure of 0.6 psi.

Increasing the percent void to Jb; increased the resulting pressure rise to

2.2 psi (see Figure CIt). This pressure and resulting pressure drop across

the relief orifices resulzed in had lv blackcned material in front of each

relief hole. This staining %,as similar to that occurring in similar tests
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Note:-
The penalty void shown ia based upon 10 PSIG overpressure.
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with 25-ppi foam. The arrester was not damaged, but burn-through had

resulted. Burn-through was indicated on the (!ata tracer, and post-test

examination showed the arrester material in the adjacent cells was burnt.

Run 122, shown in Figure C19, conducted on a 62% voided configuration,

resulted in a 6.5-psi overpressure and the expanding gases badly blackened

and charred the three central ignition cells, completely burning away the

upper portion of one wall. The material in front of each relief hole was

completely burned away by the expanding gases. The arrester sections cut
to fit within the tankage in front of all the relief holes resulted in

damage similar to that experienced with 25-ppi foam.

It is concluded that with this material and configuration, the approximate

maximum voiding available is 30% at 0 psi initial pressure. This void

approximates 2-1/4 inches of material on each side of relief holes.

6.2.2 Voided Top Wall

Test runs 123A and 124 were undertaken with a 4.0" side wall and a 2.0", 1.0"

top wall respectively. Each test resulted in the top wall being badly charred

and blackened but not damaged. Post-test observations and inspection of the

pressure traces shown in Figure C-20 and C-21 did not indicate that burn-

through into the top stringer section or into the adjacent cells had occurred.

However, in both runs the side walls protecting the relief holes were
blackened on the combustion surface and had sustained a black stain that

permeated through the material. A section cut through the arrester on

completion revealed the usual conical stain opposite each of the seven

relief holes.

An increase in voiding was obtained by reducing the thickness of arrester

materiaL un cither side of the relief holes. Runs 123A and 124 were under--

taken with 4.0 inches of material on either side of the holes. This resulted

in a total arrester thickness of 8.0 inches.

The data summary curve for the voided top wall configuration using 3M Scotch

Brite material appears confusing (Figure 96). An explanation based on test
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observation and the results of the air ilow pressure drop tests conducted in

Task I is as follows: During the explosion, the pressure drop is at such a

high level due to transient squashing of the material. The data traces show

a pressure rise of approximately 12 psi occurred for both runs 123A and 124.

Post-test examination showed little damage to the arrester material. Increas-

ing the percent void by reducing the material thickness to 3.0 inches

resulting in a total of 6.0 inches available for arresting the flame front

(run 125) resulted in material damage occurring. Approximately 80% of the

material at each relief hole was burnt away. It can be assumed, therefore,

that during the explosion the pressure drop across the arrester reached a

peak value lower than that previously obtained, and then reduced as the

explosion continued to burn away the material at each hole. This lower

pressure drop resulted in a lower maximum o%,erpressure of 10 psi. It is

noted that the resulting damage did not produce a burn-through into the

adjacent cells.

Increasing the void to 82% by reducing the material thickness to 2.0 inches,

giving a total of 4.0 inches for arrest, resulted in a pressure rise of 13.8

psi, run 129A shown in Figure C-25. The post-test eanamination again showed

the arrester material to be severely burned and a communicating hole blown

through at each relief hole. The higher pressure rise recorded is assumed

to have resulted from burning substantially more propane-air mixture. As the

percent void increases, the combustion volume also increases. As stipulated

earlier in the program, the pressure rise is influenced by the volume of gases

burnt in relation to the arrester relief volume.

It is this decrease in arrester pressure drop during the explosion resulting

in partial or complete burn-through, depending upon original thickness,

coupled with an increase in combustion volume that produced the apparent

erratic pressure rise data as shown in the summary survey (Figure 96).

Burn through could occur at any voiding above 75%, due to the fact that tests

at voids in excess of this percent void resulted in burn holes into the adjacent
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cells. Ignition of the adjacent cell did not occur until voidings as high as

80% were reached. It is considered that if voidings above this are con-

templated, the statistical probability of sustaining a burn-through would be

very high.

Runs 133, 134 and 135 using 3.0 inches, 4.0 inches and 5 inches of 25-ppi foam

on each side of the relief holes backed with 10 layers of 25-ppi quartz fiber

type 594 burnt through on each occasion The deLyed burn-through occurred

approximately I second after the combustion volume pressure decayed, and again

allowing pressure equalization. From this it -,as concluded that installing

quartz fiber on the fromt faces of the side walk, protecting direct flame

communication into the adjacent cells, did not help in arresting the propagating

flame, the data being substantially identical to that obtained during Task II

testing in the same configuration. Further t&ting with the quartz fiber

was discontinued.

Similar tests conducted with 2 layers of 20 mesh - 016 stainless steel screen

on th2 front faces showed that voiding in excess of 70% at 0 psig initial

pressure was attainable.

6.3 Large Wing Tankage

The pressure rise data traces are shown in Figures C-36 through C-43. The

configuration description and combustion over-pressure data are included as

Table C-Ill.

The relationship of penalty void with absolute over-pressure ratio found by

test are shown in Figures 100 through 102.

A summary bar chart allowing assessment of each void concept with each other,

is shown in Figure 103.
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Note:-
The penalty void shown is based upon 10 PSIG overpressure.
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6.3.1 Lined Wall

The highest percent void obtainable with a .50 caliber API as an ignition

source was not accurately defined for both material combinations tested.

More data in this particular configuration would be most desirable.

Examination of the particular data traces runs 90, 95 and 97 have allowed a

provisional determination of the maximum voiding obtainable. Further testing

it is noted could lower the voiding shown in Figures 100 and 102.

Run 96 shown in Figure 101, using 2 layers of 20 mesh-016 stainless steel with

10 layers of quartz fiber type 594 resulted in a excessive overpressure and

severe damage to the arrester. The wire screen and quartz were torn from

their supports and blown into the adjacent cell. Burn-through as indicated

on the pressure trace was immediate. The high pressure rise and subsequent

blow-through indicate that during the explosion the mass flow attempting

to expand through the arrester is high, producing an excessive pressure drop

across the arrester material.

The gunfire data presented in Figure 102 for an initial pressure of

0 psig is estimated as a result of the condition of the material during

post-test examination. More data points with this ignition source are

desirable.

6.4 Penalty

The material property determinations conducted in Section VII resulted in

retention, weight and displacement data for all materials tested in the
majority of Task I and all of Task II and Task III. This data allows

comparative penalties to be determine for typical configuration and void-

ing concepts.

Present installation practice, using the l0-ppi orange reticulated polyurethane

foam, is to fully pack the tankage except for voiding around components. This
voiding results in total voiding of approximately 10%, depending on the type of

250



tankage. The installation incurs a 2% to 6% compression of the arrester mater-

ial to ensure a well fitting Installation so that flame paths do not exceed

0.050 inch.

From Tables IV and V the following data are extracted.

6.4.1 10 PPI (Orange) Foam - Baseline Arrester Material

Dry Weight - 1.9 lbs/ft3 (average)

= 1.9 lbs/ft3 x 0.1337 ft 3/gal. - 0.254 lbs/gal.

Correcting for installation, 10% voiding and 6% (maximum) compression,

results in a weight reduction of 4%. Final installed weight penalty

reduces to

0.254 x 0.96 - 0.244 lbs/gallon

Fuel Displacement: 2.55%

Assuming 6.5 lbs/gallon of fuel, the total displacement is

.0255 x 6.5 lbs/gal. x 0.96 - 0.159 lbs/gallon

Fuel Retention: 4% (Average)

Assuming 6.5 lbs/gallon of fuel, the total retention is given by:

.04 x 6.5 lbs/gal x 0.96 - 0.25 lbs/gallon.

The net weight increase of a tankage installed with fully packed

10 PPI foam is given as follows:

0 Increase in Net Weight -Dry Weight - Displacement

= 0.244 - 0.159 - .085 lbs/gallon

The operational increase in weight will include the retention

penalty.

* Increase in Operational Weight = Net Weight Increase + Retention

( = 0.085 + 0.25 = 0.335 lbs/gallon

Weight and volume penalties are somewhat severe at 0.085 lbs/gallon,

( when large volume tankages are considered in conjunction with

further unusable fuel of 0.25 lbs/gallon.
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The total unusable fuel directly affecting range capabilities on

volume limited aircraft is the fuel displaced plus the fuel

retained - 0.159 + 0.25 - 0.409 lbs/gallon.

These penalties will be reduced when gross voiding techniques developed

during this test program are fully evaluated. These techniques now

being evaluated use as a baseline a reticulated polyurethane foam

with 25 ppi. From Tables IV and V the following data are extracted.

6.4.2 25 PPI (Red) Foam

The following data is not corrected for fully packed voiding and compression.

Dry Weight - 1.44 lbs/ft3 - 0.193 lbs/gallon

Fuel Displacement - 2% - 0.13 lbs/gallon

Fuel Retention - 5.8% a 0.377 lbs/gallon

Increase in Net Weight - 0.063 lbs/gallon

Increase in Operational Weight a 0.44 lbs/gallon

The net weight increase of 0.63 lbs/gallon for a fully packed tankage is less

than that for the 10-ppi foam. However, the operational weight increases

from 0.335 to 0.44 lbs/gallon. A minimum voiding of approximately 24% has

to be obtained to equal the operational weight penalty of the fully packed

l0-ppi tankage.

6.4.3 3M Scotch brite Felt

The following data is not corrected for fully packed voiding and compression:

Dry Weight - 2.71 ib/ft3 - 0.362 lb/gal

Fuel Displacement = 3.33% - 0.216 lb/gal

Fuel Retention - 5.1% = 0.332 lb/gal

Increase in Net Weight = 0.146 lb/gal

Increase in Operational Weight = 0.478 lb/gal

252



Using this material the weight and volume penalties are further increased in severity

from .085 lbs/gallon for the 10 PPI foam to 0.146 lbs/gallon. The operational weight

is also increased from 0.335 to 0.478 lbs/gallon. A minimum voiding of 30% has to

be obtained to equal the operation weight penalty of the fully packed lO-ppi

tankage, reference Figures 104 and 105.

6.4.4 Screen Materials

With reference to the material property determinations in Section XII, the percent

retention and density values for the screen materipls are very high. However, the

presenre of these arrester materials in any tankage voiding configuration will be

associated with a very high percent void if it is considered separately. This voiding

will be in the order of 98% (Figure 106).

The fuel displacement data for the Iuartz Fiber and Stainless Steel screen was not

determined by test.

6.4.5 Tankage Penalties

It is noted that the weight increase net or operational is very high for the

stainless steel screen material. For practical usage the volume factor has

to be in the order of 0.01 to 0.02. Further penalty evaluation may require

the data to be presented on a material square foot basis.

The test program has concluded that the following voiding concepts and

materials produced the greatest allowable percent voiding in the test

tankages.

0 Fuselage Tankage -- Voided Top Wall

Material: 25 ppi + 10 layers of quartz fiber

* Small Wing Tank - - Egg Crate and Voided Top Wall

Material: 3M, 25 ppi + stainless steel screen

(2
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9 Large Wing Tank - - Lined Wall

Material: 25 ppi + 10 layers of quartz fiber

It is noted that the major advantage of the voided top wall concept is

that the major portion of the void is filled with fuel. The maximum

percentage void only occurs when the tankage is empty.

A detailed appraisal of the weight penalties for each installation has not been

undertaken. The results of such an analysis would be applicable only to the

test tankages and would not reflect the actual penalties when installed in zu

aircraft configuration.

The large wing tank, lined wall concept could be adapted to that of the voided

top wall. The design constraint will involve the relief area allcwing pressure

communication into the adjacent bays.

The arrester material will be located on either side of the wing rib structure.

With quartz fiber on the tank inner surface, the problem would be in the attach-

ment of the arrester material to the tank structure. The use of attachment

plates or fully utilizing the structural rigidity of screens could be utilized,

but would add to the weight of the voiding systen.
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The air flow pressure drop has been shown to be generally similar for the

10 ppi, 25 ppi and 3M Scotch Brite, with 10 layers of quartz fiber producing

a slightly higher pressure flow relationship. It is anticipated that fuel

flow will result in each arrester material relating to each other in a similar

way. Consequently airplane systems with fully packed lO-ppi foam have been

active In service and proven acceptable. The gross voiding of material with

similar pressure drop characteristics would prove to be no problem. Fuel flow

tests are required for the quartz fiber material if serious consideration for

aircraft installation is given. Air flow pressure drop tests conducted as

part of Task I showed this material to have a higher pressure drop than other

materials considered in Task III.

6.4.6 System Effects

The fuel level effects and installation considerations of arrester materials

evaluated during this program are identical with those discussed in Reference 1.

VTe high percentage void egg crate installations tested did not lend themselves

easily to a simple interlocking assembly. Unless each section was interlocked

and glued, the explosion initiated with .50 caliber APT on the incendiary

igniter would severely distort the assembled geometry. This gluing of the egg

crate outer walls and Inner sections will involve a penalty weight of glue,

possibly limiting the maximum practical voiding.
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7.0 CONCLUSIONS AND RECOffNDATIONS

Test on the fuselage tank with a voided top wall configuration were conducted

up to a maximum of 11.1 percent relief void. Post-test examination revealed

that burn through into the relief voids had not occurred during any test. It

is possible that changes to the voiding geome,7y could result in obtaining

higher relief void, and consequently a higher penalty void.

Task IT and Task TIT of this progrpm were initially planned and detailed

with definite void concept.ý that indicated promise as a result of applying

the basic design parameters that resulted from all Task I testing. Con-

sequently at Task 1I and Task ITT program inception the number of test

conditions available within the constraints of the budget were distributed

throughout both tasks on a void concept basis. It was thought that these

tests allocated for each void concept and tankage configuration would be

sufficient to adequately describe relationship of over-pressure versus

percent void and produce definite relationships and design trends. To a

large degree this objective was obtained, however in all configurations

tested more data points would have been desirable to further define voiding

linMLs and fully understand the complicated phenomena occurring and to

more fully relate all the variablcs that influence pressure rise within an

individual void concept.

The data obtained within these maximum run number constraints, was very

revenling and indicated certain courses of action, allowing some concepts

to be found acceptable.

The voiding concepts tested that showed greatest promise in their application

to aircraft tankages are as follows:

9 Fuselage

Voided top wall

* Small Wing

Egg crate

Voided top w:,ll

259



/ -

0 Large Wing

Lined wall

These voiding concepts should be further exhaustively tested in full scale

configurations that represent more closely aircraft installation.

The test results obtained during Task T testing being basic in nature will

prove to be invaluable tools in determining preliminary applicability of

concepts prior to serious consideration.

This program has shown that understanding the basic mechanism by which

a propagating flame is arrested and the influence of various materials are

important considerations requiring further exploratory investigation.

It has been shown that the following materials show promise as flame arresters

within certain gross voiding configurations.

* 25 Pores per inch Reticulated Polyurethane Foam.

• 3M Scotch Brite Felt

* Various combinations of

20 mesh-016 stainless steel screen

Quartz Fiber type 594

25-ppi foam

Tt is noted that the purchase pLuce of the Quartz Fiber (trade name

ASTROQUARTZ type 594) was prohibitive. Consequently it is suggested that

further Jevelopment of the Fiber Glass Cloth within the Space Lattice concept

as suggested in Task I Section IV could be of immediate benifit. Presently

the air flow pressure drop through commerc!ally available fiber glass cloth

is very high. Reducing the pressure drop by developing a more open weave

is desirable.
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FigureA-6: HO1neycomb and 4Ho-PE Screen Arrester Material Data
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Figure A-7: 1OPPI and 15-PPI Foam Arrester Material Dat,
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Figure A-8: custom Material 761 1XP with Various Supporting Material, Arrester Data
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Figure A-9: 2,YMesh and 35-Mesh Stainless Steel Screen Arresir Material Data
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rJ

Table A-XVI:

Data Correlation of Volume Relationships

Combustion Nominal
Volume V

Vc Ft
3

1.0 10.0

1.5 6.6

2.0 5.0

Symbol

Soark Incendiary

0 Burn Through

£ 0 Arrest

A '3 Delayed Burn Through

Note: The relief orifice AR is presented in the data

as a percentage of the tube cross sectional area
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Dynrmic Model Data 10% Orifice

Spark Ignition

_-I AR - 10%1O.167 Ft2

Pressure Drop K Factor VC 2.0 Ft3
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1 2 3 4 5 6 7

Pressure Ratio PC/Ptlnitial

Figure A-51: Volume Patio Versus Pressure Ratio Data Plots for GAF Felt Type 2A
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Dynamic Model Data 10% Orifice
Incendiary Ignition

AR a 10% -"0.167 Ft2

VC - 2.0 Ft3

Promuro Drop K Factor
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Figure A-52: Volume Ratio Versus Pressure Ratio Data Plots for GAF Felt Type 2A
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Dynamic Model Data 10% Orifice

Incendiary Ignition

AR - 10% -p0.167 Ft2
VC - 2.0 Ft 3

Prosure Drop K Factor
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Pressure Ratio PClPInitial

Figure A-53: Volume Ratio Versus Pressure Ratio Data Plots for GAF Felt Standard
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Dynamic Model Data 53% Oifice

Incendiary Ignition

AR - 53% - 0.852 Ft2

VC - 2.0 Ft 3

Pressure Drop K Factor
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>
E

2

(o

1 2 3 4 5 6 7
Pressure Ratio PClPiniti.l

Figure A-54: Volume Ratio Versus Pressure Ratio Data Plots for 3M Felt with Two 20-Mesh

ir -016 Stainless Steel Screens on Front Face Only
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Dynamic Model Data 10% Orifice
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Figure A-55: Volume Ratio Versus Pressure Ratio Data Plots for 3M Felt Scotch Brite
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Dynamic Model Data 10% Orifice

Incendiary Ignition

So AR a 10% 0.167 Ft2
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Presnu.e Drop K Factor
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r Figure A-56: Volume Ratio Versus Pressure Ratio Data Plots for 3M Felt Scotch Brite
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Dynamic Model Data 53% Orifice

Incendiary Ignition
aI
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E
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Figure A-57: Volume Hatio V,-rsus Pressure Ratio Data Plots for 3M Felt Scotch Brite
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Dynamic Model Data 10% Orifice

Spark Ignition

AR-10% 0.167Ft2

VC - 2.0 Ft 3
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E
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2 3 4 5 6 7 8
Pressure Ratio PC/PInitiaI

,Figure* A-58: 'Volume Ratio Versus Pressure Ratio Data Plots for Quartz Fiber 594/38-9073

with 4-Mesh Retaining &creen
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Figure A-59: Volume Ratio Vers, s Pressure Ratio Data Plots for Quartz Fiber 594138-9073

r with 4-Mesh Retaining Screen
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Dynamic Model Data 10% Orifice
Incendiary Ignition
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Figure A-60: Volume Ratio Versus Pressure Ratio Data Plots for Quartz Fiber 594138-9073
with 4-Mesh Retaining Screen
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Dynamic Model Data 53% Orifice

Incendiary Ignition
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Figure A-61: Volume Ratio Versus Pressure Ratio Dat3 Plots for Quartz Fiber 594/38-9073

with 20-Mesh Retaining Screen
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Dynamic Model Data 53% Orifice

Incendiary Ignition

AR - 53%M- 0.852 Ft 2

VC ,, 2.0 Ft3
______ .......... I ______ ______ ______ ______

Pressur Drop K Factor

0 10 20 30 40 5060 70

0

U

E
-6 3 -_ 

_

/ 2

1 2 3 4 5 6 7
Pressure Ratio ,

ru

;ure A-62: Volume Ratio Versus Pressure Ratio Data Plots for Quartz Fiber 594138-9073

594138-9073 with Two Layers of 20-Mesh -016 Stainless Steel Screen
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K

N

Dynamic Model Data 10% Orifice

Spark Ignition

AR a 10%-o0.167 Ft 2

VC - 2.0 Ft3

Preoare Drop K Factor

K-0 K-20 K-70

6

> 4

1 !

5 6 7

Preswre Ratio PC/Pin~tial

Figure A -63: volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam

with 4.Mesh Retaining Screen
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Dynamic Model Data 53% Orifice

Spark Ignition

AR - 53% -4 0.852 Ft2

Vc - 2.0 Ft 3

11 1 ______

10

7

>

E
0 A

A

4 "

IT N

2 3 4 5 6

Pressure Ratio PCI P Initial

Figure A-44: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPi Foam

with 4"Mesh Retaining Screen
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Dynamic Model Data 10% Orifice
Incendiary Ignition

AR a 10% -4 0.167 Ft2

Vc- 2.0 Ft 3

Pressure Drop K Factor
11 2o0

La 

0

0
>

E

0 3

0 D 00 0

12 3 15 6 7
Pressure Ratio Pc/Pinitial

Figure A-65: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam
with 4-Mes Retaining Screen
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Dynamic Model Data 53% Orifice

Incendiary Ignition
I ,

o Igniter Only; No Propane

0 Igniter

111

0
0

10 
1 - -_____

P nsure Drnr,
KFactor0 10 20 30 40 51 60 70

U O0041

>
0

IE

2 3 4 567

Pressure Ratio Pc/P Initial

Figure A-66: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam

with 4-Mesh Retaining Screen
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Dynamic Model Data 53% Orifice

Incendiary Ignition

I R RF/A Ratio 6.5% By Wume (Rich) 0 * AR 53% -o 0.852 Ft2

F/A Ratio 3.5% By V lume (Lean) VC - 2.0 Ft3

No Arrester Installeo

Pressure Drop K Factor
6 I i

0 10 20 30 40 5060705!
5 _ R RJS I_ _ _ _

0 L

.2

E

2

" ~1

1 2 3 4 5 6 7
Pressure matio PCIPtnitiaI

Figure A-67: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam with 4-Mesh

Stainless Steel Retaining Scr&en, Various F/A Ratios
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Dynamic Model Data 53% Orifice

Incendiary Ignition
T I

ARn 53%. 0.852 Ft 2

VC - 2.0 Ft 3

Pressure Drop K Factor

6

0 10 20 30 40 50 60 70

5 -_

r 4

E
02 3>

23

1 2 3 4 5 6 7
Pressure Ratio P(c'Pnitial

Figurf A-68: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam with 20.Mesh

-016 Stairnless Steel Screen - Two Layers on the Front Face Only
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Dynamic Model Data 10% Orifice
Incendiary Ignition

I I
AR ,, 10% .-0 01W67 Ft2

VC - 2.0 Ft 3

Preuro Drop K FKtor
0 10 20

5 1 0

U

> 4
o 0•

E

> 3

2

0

1 2 3 4 5 6 7

Pressure Ratio Pc/Plnitial

Figure A-69: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam with 10 Layers of

Quartz Fiber Type 594/38-9073 on the Front Face - 4-Mesh Support Screen
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Dynamic Model Data 10% Orifice
Incendiary Ignition

AR - 10% "0.167 Ft2

VC - 2.0 Ft3

Pressure Drop K Factor
0 10 20

4,

EI
> 3

2

0

2 3 4 5 6 7

Pressure Ratio PCfPInitial

Figure A-70: Volume Ratio Versus Pressure Ratio Data Plots for 25-PPI Foam
with ,vo Layers of Stainless Steel Screen on Each Side
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Dynamic Model Data 53% Orifice

Incendiary Ignition

AR a53% 0.852 Ft2

Vc - 2.0 Ft 3

" " *
Prsir rp K Factor

0 10 20 30 40 506070

5 1 --

4

123 4 5 6

Preomro Rawi PcIPlnitial

Figur A-71: Volume Ratio Versus Pressure Ratio Data Plots for 25-PI Foam

with Tinu Layees of Stainless Steel Screen on Each Side
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Dynamic Model Data 53% Orifice

Incendiary Ignition

AR ,3%M 0.852 Ft 2

VC - 2.0 Ft 3

Prmure Drop K Factor
8 t

0 10 20 30 40 5060 70

0

4 4

E
-~ 3-0

2

1 2 3 4 5 6 7

Prepure Ratio PCIPlnitial

Figure A-72: Volume Ratio Versus Pressure Ratio Data Plots for 20-Mesh

-016 Stainless Steel Screen
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Dynamic Model Data 53% Orifice
Incendiary IgnitionII

AR a 53% 0.852 Ft7
VC - 2.0 Ft 3

2 Layers G ass Cloth

0 lLayer Glas C1 th
Pressure Drop K Factor

0 10 2 3 40 506070

.2

E
0 3

2

1 Layer2 LyersO 0

1 2 3 4 5 6
Presure Ratio PC/Pinitial

Figure A-73: Volume Ratio Versus Pressure Ratio Data Plots for lO-Ounce Glass Cloth
with 3/16 HRH 327 Honeycomb 1 % Inch Thick

366 --



Dynamic Model Data 53% Orifice

Incendiary Ignition
8 -. - - -_ _ __ _ _ _ _ _ _

AR - 53% -0 0.852 Ft2

VC - 2.0 Ft 3

~2II~I
10

Pressure Drop K Factor

0 10 20 30 40 506070

5

"c 40

7 3
2

(0

1 2 3 4 5 6 7
Presure Ratio Pa/P Initial

Figure A-74: Volume Ratio Versus Pressure Ratio Data Plots for 15-PPI Yellow Foam
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Figuiv A -92: GAF Felt (Standard) Relief Facts
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1,.,

ii

102 Fron~t08
Spark Famn Arrest

Figure A -93: OA F Felt (Type2Ai Combustion Faces
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1051

Figure A-94: GAF Felt(2)RleFas
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Pressure: 10 PSI/In. Spark Ignition

Time: 16 !nJSec.
Drawn: Full Scale

RUN NO. 1 33% Void

170 mSecs

Ignition

18.5 PSI

0PSIG

/'

RUN NO. 2 30% Void

155 mSecs

Ignition

117. PSI

0 PSIG

Figure A-98: Typical Fuselage Tank Presjvre Traces, Line Wa1l Configuration,

25-PPI Dry
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Prlmro: 10 PSI/In. SA, Ignition
Time: 16 1n./Sec. RUN 6 16.5% Void
Drawn: Full Scale 217 mSoc

175 mS ec

Ignition

6.8 PSI

0 PI

212 mS•
RUN 5 30% Void

157 mS c

Ignition

PSIG

176 mSec RUN? 40% Void

(

Ignition

P'SIG

Figure A-99: Typical Furlap Tank Prnwmu Traces, Lined Woll Configuration,

25-PPI Vobt With JP5
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Preure: 10 PSIlIn.
Time: 16 nJS-. lincendmiary Ignition
Drawn: Full Scale

RUN 10 16.5% vowd
No Propant

0 2.2 PSI
P50PSIG

185 mSec

10m.Sec RUN I1A 16.5% Void

a5P~l3.7 PSI
0- '

PSIG

82 mSec

RUN 12 39% Void

10.8 PSI 11.4 PSI

PSIG
40 mSec

0

PSIG

Figure A-1O0: Typical Fuemlap Tank Pmiure Traces, Lined Wal Configuration,

25-PPI Wet WO$ JP5
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26 PP Foinm RUN 12

128 mSc

63 MSoc

PSIG

25PIFown

45 mSsc

PSIG

17gw, A-101: Typical Rmm, Ttww for 39% Void Fuskp Tank
(Lined WWIl) W~ myth JP5
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25 PPI RUN 19 Incendiary

PSIG 10 PSI/In.

3Mi Scotchbrits RUN 21 limce.diry

103 mSoc

70 mSoc

58 mSec

0
PSIG

Figi,.A-102: Typical PfvWMre ~ce for 3S%Void FueArnwp k
(Lind WYllJ (Thy)
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GAF Feft Type 2A RUN 22 Inoandlay

190 mSec

59 mSec

41 mSec

PSIG

25 PPI Foam - 2 Layers of 20 Mah

( ~.016 Stainlem StsW Satin
RUN 24 nodIar y

78 mSec

0v
PSIG

( F41.r@A-103: Typical Pmswire Traces for 39% Void Fusla-w Tank (Lined 11all) (Dry)
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25 PPI Foam - 10 Layers of Quart
Fibar Type 504

RUN 25

47 mSmc

Ignition

0 PSIG

FigiweA-WE: Typical P.'ews Trace for 3W% Void Ftaea Twik,
Lined Y/&//, Dqy
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v

F/A 345% Vol
RUN 27

70 mSe

57 mSec

39 mSec

MPS

PSIG

F/A 6-% Vol

( RUN 28

( 59 MSOC

41 mSec

0
PSIG

( ~F~ui*sA-1OS: Typical Prvwuf Tracu for 39% Void Fwad4p Twk,
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F/A 5.9% Vol)
RUN 29

38 mSec

0
PuIG

Fiui, A-706: Typica Prww~ Trame for .11 Void Fuksp Taik,
Linod Mb/I, 25-lW (lNbt
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25 PPI Foam- 10 Layers of Quart*
Fiber Type 594

RUN 30 Incendiary
143 mS4- Fuel/Air Ratio 4.7% Vol

95 mSec

79 mSec

Ignition "

(I
5PSI 7.0 PSI

OPSIG _.

(

(

3M Scotch Brite

RUN 34 Incendimy

( 55 mSec -I
45 mSec

Ignition 7.0 PSI 8.3 PSI

0OPSIG

Figurv A-107: Typical Piessre Traces for 39% Void Fuselage Tank,

Lined Wall, WMt WO1 JP5
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Wet wfth JP4 Fiber Typs594

RUN 31
I -cnlir
F/A 6.5% Vol

33 a

PuIG

RUN 32)

F/A 3.5% Vol

57 mSec)

P.3IPS

Rww A-WI8: TypkWPn Truw fo .m Void Fhp T.~,k
Lined WeI, 254,PI Foem - 10GLayom ofOJJuatz
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9

RUN 33 Incendiary
F/A 3.5% Vol

m302 mSec

r36 ec

PPSI
._.

V: a

• • 7.3 PS

(,.
S•a 3M Scotch rBrite

•Wet with JP5

RUN 35 Incendiary
Fuel 6.5% Vol

60 m~ec145 mSec'

CC
8.2 PSI a.6PSI

PSIG

(
Figure A-109: Typical Pressure Traces for 39% Void Fuselage Tank, Lined Wall
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Run 36 Incendiary
40% Void

0% Relief Void

170 mSec

V. PSI

0
PSIG

Run 37 Incendiary
40% Void

6.68% Relief Void

170 mS*c

0 -T3.5 PSI
0

PSIG

Figure 8-1: Typical Pressure Traces for Fuselage Tank (Top Wall), Runs 36 and 37
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( Run 38 Incendiary
40% Void

WRelief vowd

- 125 mSec

0
PSIG

Run 39 IncendlIary
50% Vold

( 0% Relief Void

39 mSec

0
( PSIG

Figurv 5-2: Typical Prenut, Traces for Fuselage Tank (TOP Wa/ll), Runs 38 and 39
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Run 40 InendwarW
50% Void

6.66% Relief Void

140 mSft

I

.C, 70 mne ------

"L50 mSecO 10.1 PSI

0
PSIG

Run 41 Incendiary
30% Void

0% Relief Void

237 inSec

.2

0

•, 40 mSec

6.9 PSI

PSIG

Figure 8-3: Typical Pressure Traces for Fuselage Tank (Too Wall), Runs 40 and 41
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j (

Run 42 Incendiary
30% Vold

11-1% Relief Void

226 mSec

7.4 PSI

/PSIG

(

( Run 43 Incendiary
30% Void

11-1% Relief Void( Initial Premre 5 PSIG

200 mSec

12." PSI

5
S~PSIG
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Run 44 Incendiary
50% Void

6.9% Relief Void

-70 mSec

0
PSIG

Run 45 Incendiary
50% Void

8-9% Relief Void
Initial Presmu 2 PSIG4 --w 6 2 n vS w - -I

.2

-- 18-0 PSI

2
PSIG

Figre-: Typical Pressure Traces for Fuselage Tank (Top Wall) Runs 44 and 45
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"Run 46 Incendiary
50% Void8.9% Relief Void

Initial Premure 5 PSIG80 mSec 22-PSI

(5

S l~e

PSIG

( Run 47 50 Caliber API
50% Void

8.9% Relief Void(9 Initial Premure 2 PSIG

7---9 mSec -

( :
C
.2

15-5 PSI

(
2 1

PSIG

(

Figure S-6: Typical Pressure Traces for Fuselage Tank (Top Wall), Runs 46 and 47
/i..
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w

Run 48 50 Caliber API
40% Void

8.9% Relief Void
Initial Pram~rs 2 PSIG

185 mSec

-- 121 mSec

70 
mSec

2
PSIG

Figure Bl-7: Typical Pressure Traces for Fuse/age Tank (Top Wall), Run 48
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Run 498 Incendiary

4

C 2 Cell No.
.2

Run 52E lncdeniary
76% �.2 ins

4

2
2.2 PSI Cell No.

C
0

Bum Thra�4� 730 mSec

Figure 8-8: Typical Small Wing Tank Prerna'e Trace, Voided Top �/aIl, �' �"�'7 �nd 52F
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Run 53 Incendiary
734M Void x-3 Ins

171 mnSec Y-1Ya Ins

2-2 PSI
26 r~c

Bum Through 680 mSec

Run 54 Incendiary
76% Void x-3.0 Ins

Y-1.0 Ins

-4

1 2 Cell No.

( -~ Burn Through 960 mSec

Figure 8-9: Typical Small Wing Tank Pressure Traces Voided Top Wall, Runs 53 and 54
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Run 55 Incendiary

81.7% Void x - 2.0 Ins147 mSec 1
y- 1.0 In.

115 MSOc

C4 PS

Arrest

Run 56 Incendiary

79% Void x - 2.55 In.
S •l y 1.0 In.

43 me

0,

a-- SBum Through 960 mSec

Figure 8-10: Typical Small Wing Tank Pressure T'aces, Voided Top Wall, Runs 55 and 56
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In;tIaI Pregmure 4 PSI Run 57 Incendiawy

-4mS 7e1. Void x a 2.56 In.

43mS/c y, 1.0 In.

242PSI

(4

4 PSAG gs
2

4 PSIG

Arrest 7

Run 58 Spark

79% x - 2.55 In.
Vy 1.0 In.

140 mSec

50 mSOc

_ 22
-2-4

S.... .... ... : • 2-4 PSI

Arrest ?

Figuv B-1I: Typical Small Wing Tank Pressure Traces, Voided Top Wall, Runs 57 and 58

(
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Run No. 68 50 Caliber API

77 mSec 76% Void x - 3.0 In.

12 m~ecy - 1.0 In.

111-7 PSI

".2
\b

Arrest

103 mSec Run No. 69 50 Caliber API

79% Void x - 2.55 In.

y - 1.0 In.

2

4

C

Immediate Burn Through

Figure 8-12 Typical Small Wing Tank Premsre Traces, Voided Top W71, fluns 68 and 69
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Run No.70 50 Caiber API

13 ~c764% Void x -3.0 'In.e
-1.0 Inc.

C4

iC I

4~ PSII

Fig~ire 813: Typial Small ing TankPressur itrace VoiedsopWlluunr7enc7
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25 PPI Top Wall Ouartz Fiber Side Walls
100 mSec I

Run 59 Incendiary
80% Void x - 0.2 In.

y - 3.0 In.

45 mSoc

.2
• ..- 3-4 PSIPS

I' Arrest

Figur B- 14: Ty,gical Smal Wing Tank Presurm Traces, Vxded Top Wall, Run 59
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-v

Run SIA I n diary
36% Void 2 In. Thick

Call No. (Sing. Cell Irition)

-3

45 mSee

40 mS~c

Arre

Run 51 Incendiary

62% Void I In. Thick
171 msec

"152 mSec

C 4

z- " 3 -0 PSI -- 2

Arrest

Figure 8- 5: Typical Small Wng Tank Prur'ire T Egg Crate Configuration, Runs 50A and 57

(
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Run 60 incendwy
62%Void x. 1.0In.
Initial Presure 4-0 PSIG

51 mVod ,5n

4 3-- 4 PSIG 2-1 PSI

4 PSIP 2

4 PSIG 3-6 PS

Burn Through

Run 61 Incendiary
62% Void x =0.75 In.

40 mnSec

35 mSec

,4

PS

Arrest ?

Figurefl- 16: Typical Small Wing rank Pre•'re Traces, Egg Crate Configuration, Runs 60 and 61
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Run 62 Incendiary
60% Void x'a %In.I nitial Prumir. 0 pS51G

.2-

.22

Arrea ?

( 
Run 63 Sp ark

70% Void x 0.75

177 mSec

5ý6mSoc

( PSIG 4

(ArrestT

( Figure B-I?: T~;ypical Smell Wing Tank Presmvj TracescEgg C.2ete Configrto ln 2ad6
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w

Run 64 Incendiary
70% Void x - 0.75

77 rn~ecFuel/Air Ratio 4.02%

Bur Thrn4 50 ce

Burn Through 550 mn~ec
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p

(

Run 67 .60 CAM~ API
70% Void x a 0.75
Initial Pressure 4.0 PSIG

174 mSoc

14 mSec

(" •,PssG11 -3 PSIG

( I• Bunm Through 600 mSee

(

Figure 8-19: Typical Small Wng Tank Presu Traces, Egg Crate Configuration, Run 67
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STW V /2 Inch Top, 3 Inch Sides & Backs

Cell No. 1 - Test Run No. 53 (Delayed Bumnthrough)

figure 8-20. Voided Top Wall (Run 53)
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STW - ¶ Inch Top, 2.5-Inch Sides and Backs
Cell No. I -Test Run No. 54 (Delayed Bumthroughj

Back Side
- Holes Indicate

* Bumnthrougt,

Channels for Support Top Wall Structure

Figure B-21: Voided Top Wall (Run 54)
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44

Run 61
3/4-1 nch Egg Crate, Indendiary ignition

Cell No. 1 - 70% Void (Burnthrough

AN

Run 62
1/2-Inch Egg Crate Incendiary Ignition

Ce~llNo. 1 (Note Bumthrough holes of Cell Walls)

87% Void

Figure 8-22: Egg Crate - Runs 61 and 62.
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Run 72 Incendiary
34 ~ft18 S*C73% Vold x 4.0 In.

S.

31

IU

0c0PSIG P11PI

0OPSIG

Figue 1-23:Lar Wig Tak Dta TaceRLne W3Al (Inoni 2ary 7
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Run 74 incendiary

88%Void x.2.OIfl.P1 3 3

d
P12  z

Pit
1

4.9 PSI

Arrester Blown Through

/
I

(
Run 75 Incendiary

130 mSec 93% Void x 1.0 In.

(

(

(
C
.2
C

(
Arrester Blown Through

Figire B-24: Typical Large Wing Tank Pressure Traces Lined Wall (Runs 74 and 75)
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Run 77 50 Caliber API
93% Void x 1.0 Inch

150 mSec

I C e

Figure B-26: Typical Large Wing Tank Pressure Traces Lined Wall (Run 77)
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12 mS•c Run 78 Incendiary

36% Void x 2.0 In.

40 mStec3
P12 z

21.7 PSI

Note:
°c Egg Crate Push Away From

E• Ignition Partially into Cell 3

0 PSIG _

Run 79 Spark

36% Void x-2.0In.

-,m 220 mSec

0 PSIG19 PSI

C
0

0 PSIG

Figure B-27: Typical Large Wing rank Pressure Traces Central Egg Crate (Runs 78 and 79)
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Run 80 Incendiary

48% Void x-.O In.

255 mSec

CP

NOTE Ru 81 as ot pottd bcaus th ovepreau3

0 PI

Fiur 128: TPiaSagIigTn Pesr rcs oa ggCae (us8 n 2
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311 Scotchbrite Felt

mmP4

(Penalty Void 45.5%)

-44

P5

0

28

Figure C-i1: Typical Pressure Traces for the Fuselage Tank Voided Top Wall
Runs 98 and 99
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3M Scotch Brite Felt

P12

P13

P14

(Penalty Void 55.5%)

C

00 SI

Run 107, and 102brP
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3M Scotch Britt Felt

-a.- 132msec

___11.2 PSI

0

RuRun 103 annf1re
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3M Scotc Brit* Felt

0 1. SIP

47% Void, 11.1% Relief Void
(Penalty Void 53%)

Figure C-5. Typical Pressre Trace for the Fuse1aW Tank Voided Top Wall
Run 105
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Run 106 Incendiary

2&.0% Void, I18.8% Relief Void
(Penalty Void 40%)

S,
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25 PP! Foam and 10 Layers of Ouartz Fiber

P4 /

0 P

0 P5

12.8 PSI 

6

0PIS 12 msec

110m•

Run 108, 50 Caliber API
39% Void - 17.0 Relief Void
Penalty Void 49%

Figur C-7: Typical Presr Trws for the Fu ge/up Tank Voided Lined Wall Run 708
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25 PPI Foam and 10 Layers of Quartz Fiber

0 PSIP6

CP 5

Run 11 ncnir

0 PSI50% Void - 13.4% Relief Void

I40 miec

P 4

0 PSI

40 PSIec

Run 109 and 110ndar

0 PI 5% oid- 2% elef64i



( ~25 PPI Foam aam 10 Layers of Quartz Fiber

5 PSIG

- ~Run I I1 Incendiary
130 moc50% Void, 13.4% Relief Void

(Penalty Void 57%)

5 (I

(w "

Runs Runan 172Icedir
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25 PPI Foam and 10 Layers of Quartz Fiber

5 S

176 msec

Run 113A Incendiary
50% Void, 14.6% Relief Void
(Penalty Void 57.5%)

Figure C- 10: Typical Pressure Trace for the Fuvla~v Tank
Voided Top Wa/I Ran 113A4
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25 PPI Foam and 10 Layers of Quart!t Fiber

P4

0 PSI P

It P6

0 S

un01 UP114 0Clie P

7Pealt VodSI.%

Voiled Top Wall Run 774
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v

25 PPI Foam and 10 Layers of Quartz Fiber Backed with 2-Lav, s of
20 Mesh-016 Stainless Steel Screen

P5

P6

0 PSI

78 msec

Run 115 Incendiary
50% Void, 12% Pelief Void
(Penalty Void 55.5%)

Figure C- 12: Typical Premure Trace for the Fuelage Tank
Voided Top Wall Run 115
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25 PPI Foam and 10 Layers of Quartz + Fiber Backed with 2-Layers of
20 Mesh-016 Stainless Steel Screen

P
4

0 M;.,

P5

00Sii

P6

0 PSI Run 116 Incendiary
50% Void, 13.4% Relief Void

-45 (penalty Void 57%)
10 Layers Quartz Cloth

S57 msec 2 Layers Stainless Steel Screen

Figure C- 13: Typical Prsre Trace for the Fuslage Tank
Voided Top Wall Run 116
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25 PPI Foam and 10 Layers of Quartz Fiber Backed with 2 Layers of
20-Mesh-016 Stainless Steel Screen

OPSS
o PSI

00 PS

-•X 0PSII

o~sI

190 MsW

Run 117 Incendiar,/
50% Void
14.6% Relief Void
(Penalty Void 57.5%)

Figure C- 14: Typical Pressure Trace for the Fuselage Tank
Voided Top Wall Run 117
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'p

25 PPt Foam and 10 Layers of Quartz Fiber

P4

5 PSI

-29.3 PSI

5 S
5PS6

Run 111A Incendiary

5 PSI 50% Void, 13.4% Relief Void
(Penalty Void 57%)

4Note: Repeat Run of 111

79 msec

Figure C-IS: Typical PrssuF Trace for &,e Fuslage Tank

Voided Top Wall Run I I IA
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25 PPI Foam And 10 Layers of Quartz Fiber

IA

P4

P6

05

0 S Run I IS Gunfire
16 mw-. 50% Void, 12.0% Relief Void

(Penalty Void 55.5%)
56 msec

Figire C- 16. Typical Pressure Tract for the Fuse/age Tank

Voided Ton ;;F' run 118
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3M Scou-h Brke Feft

II (

uolmuS.
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3M Scotch rit* Felt
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3M Scotch Brite Felt
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S103 muc.--.

1.7 PSI Coll I Pll

-.. mm :,-715 rowe

Coll 2 P12

i • Coll 4 P1.3

Run 127 Gunfire
71% Voided Top Wall
X- 4", Y ,1"

28 msec

1.4 PSI

(
Cell 1 P11(.

Cell4 P13

Run 128 Gunfire

76.4% Voided Top Wall
X = 3", Y = 1.

Figure C-24: Typicl Presure Trace for Small Wing Tank -

Run 127 and 128 - 3M Felt - Voided Top Wall

(
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4.0n lt PSIi Cal4%1

X 2 Inch",, Y- Ilnch
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63,(W

5P

l 2P
12

TCell 4,, ',, , , ,,,, 1 4
Rn131 Incendiary

5 PSIPenalty Vold 76.4%

X-a3, Y=-1

(

Figur C.S.: Typkde pwnu Trace for Snimi/ Win# Took Run 131 3M Felt Voided Top Wal1

((

(

483



66 msw

- 27.7 PSI

celIPill)

5 PSI-

'• 52 ms•:Call 2 5P12

5PSI

P14

5 PSI

Run 132 Incendiary

Voided Top Wall
X - 2, YV- 1
Penalty Void 82%

Figure C-27: Typical Pressure Trace for Small Wing Tank Run 132 3M Felt Voided Top Wall
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N

104 mnsc I Run 133 Incendiary

0 PSI

91"mc 
2 P12

0 • PSI

4 P14
0 PSI

1004 msm

Pil

P
12

P14

Run 133 Incendiary

X,, 3, Y - 1

76.4% Penalty Void

( Fgure C.28. Typil Premu Trae for Srmall Wing Tank Run 133 25 PPI + Quartz Voided Top Wall
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N

)

138m sec 
1 . S

0 PSI G 7cl

C: 128 msec -

.• Cel! 2

_0 o SIG 1.9 PSI

Cell 4
,OPSI1G ,,•2.0 PSI

451 miec to Bumthrough R
Run 134A Incendiary
X = 4", Y = 1"
Penalty Void 71%

6 1 03 msc o untcrug

S~5.6 PSI

cell I

0 PSI uG Vode T

46 m8ec
Cell 2

0PSIG /2. 0 PnSICl

Run 135 Incendiary
X = 5", Y - V,
Penalty Void b6.3%

1036 msec to Burnthrough

Figure C-2-9: Typical Pressure Trace for Small Wing Tank - Run 135 and 136
25 PP/ + Guartz Voided Top Wall
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7,,,

13.4 PSI

Run 136 lncendiary
X -3, Y- I
Penalty Void 76.4%
X - 3",Y-I " Cell

II

Coll 2
0 PSI .' 2W2 PSI

_ -- Coll 4
0 PSI 00 2,W PSI

1377mrato Bumthrough

-. 65 mse .eP

0 PSI ce3lPSI

0 PSI Cell T

60467

0 M. 1 -2.0 PSI

Coll 4
0 PSI 1.8 PSI

Run 137 Incondiary
X-=4-, Y- ,1"
Penalty Void 71%

Figure C-30: Typical Prmssre Trace Small Wing rank Voided Top Wall -
25 PPI Foam + 2 L~yers Stainless Steel Screen
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)

19.3 PSI

20.8 PSI Coll I

S 22.2 PSI Call 2

• 47 rnsec Call 4

6 PSI

S06 Bu rnthroui 179 rnSe c Ru 3 ncni-

5 PMX " 4", Y -Y,..
Penalty Void 71%

Figure C-31: Typica/ Pressure Trace Snm// Wing Tank V.T. W
25 PPI Foam + 2 Layers Screen
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io- 36.2 PSI

Run 139 incmidiary
X Y = n1

Penalty Void 611%

L

Coll I

5 PSI

-- 81 mwc-.

3 PSI Cell 2
5 PSI ..-4 P,

(
3 PSI( • , . ..Coll 4

(

( Figur C-32: Typical Pressur Trace Small Wing Tank V. TW.
25 PPI Foam + 2 Layers Sawen

(
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.. .,26.0 PSI

mU14

5PSI

Run 140 Gurnfif'
x - 6,. y "

pensity VoAd 68%

F C-33: l/Pic' u P"""'TracS Wing TWan k V.T.W.

FW C- :T~250ppI Foam +,? LOY@" Scteen
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ii I

19.8 PSI

u12.7 PSIG1f
S21.0 PSI

5t PSI 1i

Coll 4

Run 141 Gunfire

X - 4". Y - 1"
Penalty Void 71%

5S PSI

(.

( Figure C-34: Typical Pivwure Trac Small Wing Tank V.T.W. -
25 PP! Foam + 2 Layers Scree

(
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3W0 menc

43 muse

)

5j PSI Coll S

?5 i-'Ioam31aymer e

3.5 PI)
_5 PSI -

Run 142 Incqndtary
X - 41,-, Y . I-
AMB•t Void 6&.8%

FigureC.-35: Typical PressreTreceSmallWringTak V.T.W. -
25 PPI Foom + 2 L ymn Sawen
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25 PPI Foam WIit 10 La&en of (usau Fiber
Type 594 an the Front Face

Into~ 

~ I~j~n 

el

51.mwRun 88 Incendiary
87% Void. Xu 3.0

FqtnwC-35:Typic~Note: Toaees forLw- B~g ank

LinedRu 89l 1- mmn 88iary
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26 PPI Foam With `10 Laver of Quartz Fiber

Type w94 on the Front Faew

5777..44,Run Ru 0 00 CaliberfAPI

FIgu -7 yia ~w we ag igTn LndWl)-Rn9

87495, -2
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p

')!

25PPI Foem and 10 Layersof Quartz
Fiber Type 594 on the Front Face

V.7 PSI P13

25.6 PSI P12
25.5 PSI

10.5 PSI Run 91 Incendiary
93% Void. X 1.0"

Figrm CV38: Typical Prsurv Traces for Lwr Wing Tank Lined Wall

Run 91
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3P Scotch Brit. Feit

0 PSIG 2FS P3

6.2 PSIP12

7.7 PSI P 11

0PSIG Run 92 Incendiary

73.5% Void, X -4.0"

Run 93

7.5 PSI P1

( 0 PSýIG
7.2 PSI- P12

Socl /.-- 9.0 PSI
g• 0• _SI Pl

S-- 4--166 mle --

0 PSIG Arrest Run 93 Incendiary
80% Void, X - 3.0"

FigureC-39 : Typical Pressure Traces for Large Wing Tank Lined Wall -

Runs'92 and.93(
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Run 94 Inc.nd;Cry
JM Scotch Brts Felt 87% Void, X - 2.0 Inches

47.5 rmo 53rsc-

40.0. mmc ;

0 P•tG 19.2 PSI
, m • 14 PSI

0OPSIG

0 SI

)

)

)

Figure C.40: Typical Preruw Traces for Large Wing Tank Lined Wa!l - Run 94
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